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We investigate mechanisms for the observed nonlinear growth in the number of pol-
ymer vesicles generated during a photo-Reversible Addition-Fragmentation Chain
Transfer-based polymerization-induced self-assembly (PISA) reaction. Our experimental
results reveal the presence of a self-reproduction process during which chemically active
polymer protocells are chemically and autonomously generated in a light-stimulated
one-pot reaction that starts from a homogeneous blend of non-self-assembling mol-
ecules and which, as observed microscopically, form vesicular objects that grow and
multiply (reproduce) during irradiation with green light (530 nm) as the reaction
proceeds. By using a filtration-based protocol, our experiments demonstrate that the
self-reproduction process occurs concomitantly with the PISA process and results in a
nonlinear increase in the number of polymer vesicles during photopolymerization which
can only be ascribed to their reproduction via polymeric spores ejected from previously
existing first-generation vesicles. The second and subsequent generations’ vesicles also
self-reproduce and continue the process of population growth.

polymerization-induced self-assembly | protocells | self-reproduction | artificial life | origin of life

Among the characteristics shared by all extant living systems (1-3), their chemically
controlled self-reproduction ranks perhaps as one of the most spectacular and exclusive.
Under the control of their internal chemical networks, and in tight relationship with their
environment from where they harvest food, energy, and information, natural living systems
spawn representations of themselves (reproductions) as fully functional systems which
also autonomously and under sufficiently similar conditions to those of their progenitors
are again capable of self-reproduction into new generations. Indeed, when living systems
reproduce, their species continues to exist via their progeny and propagates as such into
the future while also enabling fundamental aspects of their Darwinian evolution due to
the generation by reproduction of populations which include heritable variation (4).

In extant, biochemistry-based life, even for the simpler single-celled living systems such
as bacteria, the process of reproduction is complex and involves many complicated and
coordinated steps. These take place within the cell under the precise control of biochem-
istry and collectively constitute the cell division cycle (CDC) (5). Like Virchow said in
1858 “omnes cellula e cellula” or “every cell comes from a pre-existent cell” (6-8).

However, we may ask: Is extant biochemistry (9) with its delicate and well-tuned com-
plexity over billions of years of evolution on Earth necessary for a protocellular (10)
chemical system to self-reproduce? Can one construct in the laboratory, nonbiochemical,
compartmentalized chemical systems capable of autonomous self-assembly and
self-reproduction? Answering these basic questions is important for systems chemistry,
artificial life, for protocell research seeking to understand what life may have been like
before the advent of biochemistry or Last Universal Common Ancestor (LUCA) during
a so-called protocell era and for understanding the potential for life in the Universe,
including exoplanets (11-13). During the protocell era, “life must have been simpler”
(10, 12) and hundreds of millions of years could have elapsed evolving the transition from
chemistry to some form of generalized life (14, 15), which eventually lead to LUCA.
Finally, these questions are also central in the old, but nascent, field of synthetic artificial
life based on nonbiochemical material implementations of fully synthetic chemical systems
capable of mimicking natural living systems (10, 11, 13, 16-20).

In an effort to explore the answer to the above broad questions about the necessity of
biochemistry, perhaps helping to trace back life’s origin to the “combination of carbon
chemistry and the physics of self-organization,” (21, 22) and building upon the oppor-
tunities in precisely this direction offered by polymerization-induced self-assembly (PISA)
(20, 23-29), we have designed a PISA batch reactor where in an aqueous solution and
strictly avoiding any biochemical molecules, we synthesize amphiphiles that self-organize,
self-assemble, and self-boot into chemically active micelles. (In this paper the term boot
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is used in the sense of computer science.) The micelles then
develop into functional giant vesicular systems (GV) from just a
few small (and low complexity) molecular species chosen ad hoc
by us for implementing PISA. Starting from a homogeneous blend
of several such simple molecules, our systems exclusively rely on
chemical forces controlling the exchange of atoms among mole-
cules, together with their physicochemical implications (30), and
use light as a source of external energy. The aqueous thermostated
and illuminated reaction mixture contains a hydrophilic polymer
with a small, and slightly hydrophobic chain transfer agent mol-
ecule (CTA) bonded at its end (this can be further simplified if
desired, cf. refs. 31 and 32), plus some selected monomers such
as acrylonitrile or hydroxypropyl methacrylate (HPMA) that can
be photopolymerized to the above hydrophilic polymer to yield
amphiphilic block copolymer molecules. Finally, the PISA mixture
also contains at least one photocatalyst or iniferter (a photocatalyst
molecule that acts as initiator, chain transfer agent, and feyminator
of the polymerization reaction) (33) for the photopolymerization
reaction. [Note that this very simplified out-of-equilibrium system
can abstractly be (34) imagined as a laboratory version of a “warm
little pond” where the notion of heterotrophic abiogenesis can be
explored.]

After illumination is switched on, the chemical reactions start
and the initially homogeneous blend produces amphiphile mol-
ecules in the bulk. As the concentration of this amphiphile
increases beyond its Critical Micelle Concentration (CMC), the
activity of the chemical reactions leads to liquid phase separation
due to the ongoing polymerization process of the hydrophobic
block in the amphiphiles, which eventually self-assemble and
self-organize into micelles (35). During their self-assembly in
the course of the living polymerization synthesis of the amphi-
philes, these micelles entrap some of the current reaction
medium, which guarantees the continuation of the polymeriza-
tion reaction in their interior, although at a rate different from
the one in the bulk which, consequently, generates and amplifies
osmotic gradients (19, 36). In other words, by simultaneously
changing the packing parameter value (30) of the living [in the
sense of living polymerization (37)] amphiphile due to the
increase in the length of its hydrophobic block, the ongoing
internal photopolymerization reaction also powers the dynamical
morphological evolution of the micelles which develop in time
and eventually become micron scale vesicles (loosely called GVs).
The crucial chemical difference between the materials and con-
ditions inside the membrane and within the vesicle on the one
hand, and on the other hand the bulk (environment) within
which the vesicles booted-up and now exist, gives rise to a series
of events which (for appropriate PISA formulations) manifest
in the course of the optical microscopy observation of the giant
vesicles undergoing this process.

Prominently among the above events is that during the pho-
topolymerization (38) reaction under microscope illumination, a
striking nonlinear increase in the number of self-assembled vesic-
ular structures (19, 34, 39, 40) takes place. This immediately leads
one to ask whether a) the observed increase in vesicle number is
caused only by the inherent production of newer vesicles that once
were smaller nano-scale micelles that developed into vesicles which
are growing due to photopolymerization and consumption of
chemicals during the polymerization reaction or b) if, in addition
to the above, there is a contribution due to the self-reproduction
of older vesicles that had previously been generated during the
ongoing PISA process. We will study in this paper the details of
this nonlinear increase in the number of vesicles during PISA and

find b) to be the case.

https://doi.org/10.1073/pnas.2412514122

Results and Discussion

To study this increase and its causes, we first examined the chem-
istry of the system and the conditions under which the polymer-
ization reaction takes place. In our experiments, we synthesized
amphiphiles that eventually self-assembled as polymer micelles
which then grew into vesicles in water using a Reversible Addition-
Fragmentation Chain Transfer (RAFT) photopolymerization
procedure with 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfa-
nyl]pentanoic acid (CDTPA) as the CTA SI Appendix, Fig. S1.
The photoreactor for the synthesis consisted of 45 green Light
Emitting Diode (LED)s (A = 523 nm; single LED power = 2.97
mW) circularly wound around the outside surface of a 100 mL
glass beaker inside which we placed a capped 10 mL glass reaction
vial (cf. ST Appendix, Fig. S2).

'The reaction vial contained an aqueous solution of a macro-RAFT
agent with 32 units of ethylene glycol bonded to the above CDTPA
molecule (PEG;,-CDTPA), plus the monomer HPMA to be
polymerized to the macro-RAFT agent and build in an inert atmos-
phere (vial filled with N,) the hydrophobic chain of an amphiphilic
block copolymer. The photopolymerization reaction was carried
out for 90 min at 33° C, ST Appendix, Fig. S2, while illuminated by
the LEDs. The degree of polymerization or length of the poly-HPMA
block in the amphiphile was characterized using NMR to be 104
(41), SI Appendix, Fig. S3. The resulting self-assembled structures
eventually generated by the self-organization and self-assembly pro-
cesses associated to the photo-RAFT PISA were characterized using
Scanning Electron Microscopy and Transmission Electron
Microscopy as spherical vesicles with average diameter between 1
and 2 um, SI Appendix, Fig. S4. To accelerate the growth in vesicle
size during polymerization, we added to the initial blend Zinc tet-
raphenylporphyrin (ZnTPP) as a photocatalyst that has previously
been reported to work in PISA photopolymerization reactions (38).

A small aliquot (50 pL) of this solution was then transferred to
a standard microscope glass slide provided with a square frame (25
mm x 25 mm) which was then sealed by a glass coverslip. These
vesicles were then observed using the green light of the optical
microscope to quantify and analyze the increase over time in their
number (population) as recorded in time-lapsed images captured
with the optical microscope’s digital camera, ST Appendix; Fig. S5.

Once transferred to the microscope slide, our chemical system
continues to be thermodynamically open and out of equilibrium
since it is subject to the effects of light and temperature in its envi-
ronment. (But it also remained closed to the feed of external chem-
ical reagents.) It is important to bear in mind for what follows that
just as in any one-pot (batch) RAFT-PISA reactor, the HPMA
monomer in the microscope slide continues being irreversibly con-
sumed and leading to the formation of more amphiphiles, which
then self-organize and self-assemble into micelles which grow in size
to accommodate the increasing length of the hydrophobic block of
the amphiphiles constituting the already self-assembled objects. In
our experiments, we observed that during the course of the PISA
process, the average size of the vesicles did not increase monotoni-
cally but reached a maximum size which then decreased over time.

Furthermore, the above decrease in average size came accom-
panied by a rapid (and clearly nonlinear) increase in the number
of vesicles which cannot be attributed only to the newer vesicles
produced from the polymerization process occurring through
conventional PISA (cf. Fig. 3). And since after transfer of the
PISA reaction aliquot to the microscope slide no additional
ingredients were added to the chemically developing system
within the slide, we conclude that without some amphiphile
ejection from the interior of the existing vesicles somehow taking
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place, the number of vesicles will not increase only due to direct
polymerization.

In order to identify which causes may underlie the observed
nonlinear growth in vesicle number, we investigated in detail the
steps involved in the photopolymerization process and focused on
two major changes occurring in the system as the polymerization
progresses. Because of the interaction of ZnTPP with green light,
SI Appendix, Fig. S6, faster polymerization occurs and leads to the
extension of the hydrophobic block of amphiphiles already within
vesicles. As this intravesicle polymerization progresses, the vesicle
membrane grows thicker (due to the increasing length of the
hydrophobic block). This creates an osmotic imbalance with
respect to the medium and amphiphile congestion in the lumen,
which is eventually relieved by ejecting (squeezing) through the
membrane (perhaps through the softer or defective parts of the
membrane where the Young’s modulus is lower, see S/ Appendix,
Fig. S7) a fraction of the amphiphiles (preferentially those with a
shorter hydrophobic block) from inside the vesicle membrane and
out into the bulk where the concentration of shorter hydrophobic
chain amphiphiles is lower (Fig. 14). Thus, these immature
amphiphiles squeezed out of the original (parent) vesicle(s) dis-
perse into its vicinity. There they mix with other partially polym-
erized amphiphiles and polymerization reaction components
locally present in this region of the bulk medium. Provided there
are enough monomers around, the living CTA molecule at the
end of the hydrophobic tail of the just expelled amphiphiles can
still engage in chain elongation together with other partially
reacted (with a smaller PI for their hydrophobic part) amphiphiles.
The net effect of these processes occurring in the bulk medium is
an increase in the local amphiphile concentration which eventually
will reach their CMC, self-organize and self-assemble into a new
generation of dynamically evolving micelles. These micelles will
follow the same fate and dynamically develop into new (younger)
vesicles just as did their parent vesicles, and so long as there is food
and light around. Note that the partially reacted amphiphiles
squeezed out of a vesicle at this stage may not be monodisperse
in the chain length of their hydrophobic tails and, therefore, we
expect that there will necessarily be some variation in the length
of their living hydrophobic blocks. This physical variation provides
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the basis for a mechanism of loose heritable variation in the next
generation of micelles and their resulting mature vesicles with
respect to their parents (16, 41, 42). (This form of loose heritable
variation arises from the joint effects of the nonlinearity of the
RAFT polymerization process, the chemical physics of
the self-assembly and polymerization of the chemical spores, and
the polydispersity in their partially elongated chain lengths.)

The above process constitutes a form of self-reproduction
(Fig. 1B) as the newer vesicles are generated from the additional
processing and reorganization of shorter amphiphiles ejected
(squeezed out) from older and growing vesicles. The cycle of events
just described will continue for as long as there is enough food
and energy (i.e., HPMA monomer, macro chain transfer agent
molecules, and green light) available for the reactions going on in
the microscope slide. Put concisely, the PISA-driven amphiphile
congestion caused by hydrophobic block extension eventually
leads to an increase in vesicle number in the bulk solution and to
some variation in the size of the hydrophobic block.

We validated this mechanism of self-reproduction of the poly-
mer vesicles by carrying out a series of ad hoc experiments com-
plementary to the above observations. These were designed to a)
separate the contribution to the increase in the number of vesicles
due to the ongoing PISA process (direct polymerization) from the
proper self-reproduction contribution, b) understand and docu-
ment the formation of newer (i.e., younger) vesicles by reorgani-
zation of amphiphiles from preexisting vesicles and c) to confirm
the transfer of ZnTPP molecules from the first generation to the
next generation of vesicles.

Contributions from the Ongoing PISA Process in the Bulk
Solution. The ongoing PISA process contributes to the increase
in vesicle numbers (population) since the polymerization taking
place within our PISA system produces amphiphiles continuously
until the initial amount of HPMA monomer in the system is
depleted. Furthermore, as was already discussed, these amphiphiles
remain in the bulk and increase their concentrations beyond the
CMC at which point they reorganize into micelles (Fig. 24)
that could eventually grow bigger (or merge) to become vesicles
as the polymerization progresses. In order to determine their

B

Fig. 1. (A) lllustration showing the different stages of polymer vesicle growth leading to the action of expulsion of amphiphiles. (B) lllustration showing the
formation of new vesicles from the reorganization through self-reproduction of amphiphiles expelled into the bulk.
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Fig. 2. (A) The synthesis of amphiphiles and polymer vesicles using RAFT polymerization. (B) Filtration of PISA mixture and subsequent irradiation of amphiphiles
and vesicles separately. (C) Plot showing the growth in the number of vesicles during irradiation of retentate with green light. (D) Optical image of the filtrate
sample irradiated with green light showing no visible objects in the imaging frame.

contribution to the total vesicle population, we needed to isolate
the objects produced by the RAFT polymerization in the PISA
process that were observed by optical microscopy (Fig. 3). To
implement this, the active PISA solution was filtered through a
0.22 pm PTFE membrane filter to separate already formed vesicles
from the unassembled amphiphiles in the bulk medium (Fig. 2B
and S/ Appendix, Fig. S8). The retentate only contained the vesicles
(SI Appendix, Fig. S9B), and these increased in number upon
photopolymerization through irradiation under the microscope
with green light for 12 h (following a pulsed illumination pattern
with pulse duration = 1 s and a period between pulses = 10 s)
(Fig. 2C). On the other hand, when the filtrate (S Appendix,
Figs. S8 and S94), which contained the amphiphiles and small
micelles, was irradiated under the microscope using the same
conditions, no vesicle formation was observed over time (Fig. 2D).
Since the new vesicles were formed from the retentate vesicles and
not from the filtrate, i.e. the amphiphiles left in the bulk, these
observations confirm that formation of “newer” vesicles can be
attributed to “self-reproduction” from the preexisting vesicles and

https://doi.org/10.1073/pnas.2412514122

not through the self-assembly of amphiphiles coming from the
ongoing PISA process in the bulk.

Formation of Newer (Younger Generation) of Vesicles from
Preexisting Vesicles. As the RAFT-polymerization progresses,
vesicles continue to be formed in our PISA system. Fig. 3 red
trace shows the increase in the population of ZnTPP-containing
vesicles as they were irradiated with green light. The generation
of new vesicles occurred through the self-assembly of the expelled
amphiphiles that are in the vicinity of larger vesicles, a process
that can be confirmed by analyzing the time development of the
average size of the vesicles in the system, blue trace in Fig. 3,
and the size of their population in the imaging area while they
were being irradiated with green light from the microscope. One
expects the average size of vesicles to increase gradually when the
length of the amphiphiles in their membrane increases as the
monomer contained inside these vesicles is consumed. In our
experiments after an initial synchronized increase in number of
vesicles and their average size, the trend reverses, and the average
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Fig. 3. Plot showing the number of vesicles produced over time (red data
points) and their average diameter (blue data points) as the PISA system is
irradiated with the green light of our microscope. The time coordinate is the
time elapsed since the start of the experiments on the microscope. Each
data point is the unweighted average of the population and mean diameter
measured from three experiments carried out on different dates using our
system and the same stock solutions. The error bars are the SD of the Mean
(SDOM). As discussed below (S/ Appendix, Fig. S11), there are three distinct
stages in the time evolution of the population of these vesicles determined
by analyzing the growth rates for the number of objects (population sizes)
and their dynamics. (Note that these vesicles contain ZnTPP molecules which
catalyze the photopolymerization reaction.)

size of the vesicles decreases over time (Fig. 3, blue trace) which
is consistent with an increase in their population as the retentate
system was being irradiated with green light. This indicates that
during the course of this reversed trend, newer, smaller-sized
objects are formed in the system from the retentate. Hence, the
newly formed vesicles are smaller than their previous generation.
But, eventually, the initial trend of decrease in average diameter
stabilized and remained constant or slightly decreasing at the same
time that the total vesicle population increased.

In other words, after the initial burst of growth seen in the red
trace in Fig. 3, the vesicles exhibited significant reduction of their
average size, which suggests that newly formed small objects con-
tribute to the reduction of the average global size. This can be
attributed to fast polymerization at the beginning of the reaction
due to the presence of abundant HPMA which quickly generates
newer objects (micelles). With continued polymerization, larger
vesicles eject partially polymerized amphiphiles which when reach-
ing appropriate concentrations in the bulk will form new objects,
and these new smaller objects also grow up to become vesicles of
a certain critical size before they start to eject (squeeze out) par-
tially reacted amphiphiles from their lumens into their vicinity
and are then reprocessed to form new self-assembled structures.
This, of course, is the quintessential signature of a time-dependent
exponential process, and, hence, the observed combinations of
exponential growth in the vesicle number (cf. the red-yellow swath
in Fig. 3). In addition, as shown in ST Appendix, Fig. S13, we also
find that a time sequence of histograms of the number of visible
vesicles produced as a function of their sizes shows a multimodal
size distribution whose number of peaks and their heights change
(and grow) with time, as is expected for a dynamically reproducing
population. This population dynamics occurs as its size increases
at a slow but exponential rate and the average diameter of the
population stays roughly constant.

We can now summarize these findings. First, the larger vesicles
eject amphiphiles which eventually produce younger small objects
(reducing the global average size). Second, when the larger vesicles

PNAS 2025 Vol. 122 No.22 2412514122

slow down the ejection of their partially formed amphiphiles, but
the smaller objects continue to grow, the average size also remains
relatively constant as the population increases. The transition from
growth in number but decrease in size can then be directly corre-
lated with and attributed to the depletion of available HPMA
monomer in the observed area and consequently with a reduction
in the rate of polymerization. In fact, for a developing vesicle,
increasing lumen congestion (39) requires sufficient chain exten-
sion. Older or larger vesicles, which have built up sufficient con-
gestion in their lumens can eject the amphiphiles (and reduce their
overall internal surplus concentration) by consuming a little more
food (monomer), which increases the congestion in the mem-
brane. However, the younger and smaller vesicles need more food
to first grow and then eject amphiphiles to produce newer small
vesicles. Thus, at the beginning, when food is abundant, growth
and reproduction are efficient. When food becomes scarcer, it
slows down the amphiphile ejection from the larger vesicles and
with it the corresponding growth rate of the larger-sized popula-
tion. In addition, the small younger vesicles can only grow slowly
and not eject amphiphiles for some time until they reach a certain
size. Putting this together tells us that the net growth in number
is delayed while the global average size decreases due to the incor-
poration of newly reproducing vesicles into the population.

Transfer of ZnTPP Molecules from First-Generation Vesicles to
the Next Generation. In addition to confirming that the newer
vesicles are formed through a self-reproduction process, it is also
important to check whether the ZnTPP photocatalyst, which is
present within the membrane of these growing vesicles, is passed
from one generation of vesicles to the next generation. When
the vesicles were irradiated with green light, fluorescence imaging
showed 94% of the newly formed vesicles contained ZnTPP
(Fig. 4 A and B). Since the amount of ZnTPP photocatalyst
in the system is fixed, this confirms that the ZnTPP molecules
are passed from the first-generation vesicles down to the second
generation during the ongoing self-reproduction process. Taking
into account the hydrophobic nature of the TPP macrocycle (in
the ZnTPP molecules) and their affinity toward the hydrophobic
core-forming block of the amphiphiles leads one to expect that,
when the amphiphiles are squeezed out and expelled, the ZnTPP
molecules will tend to go with them into the newly formed objects,
be sequestered within and become part of their internal contents.
To confirm this, we performed another filtration experiment and
observed that when the vesicles containing ZnTPP (Fig. 4C) were
filtered through a 0.22 pm PTFE membrane filter, the filtrate
did not show the color of the ZnTPP (Fig. 4D) and also that
upon irradiation (with the microscope’s green light) of the filtrate,
no vesicle formation was observed (Fig. 4E). This negative result
confirms that the ZnTPP stays within the hydrophobic membrane
of the vesicles (in the retentate) during the filtration process.
SI Appendix, Fig. S12 shows the absorption spectroscopy of the
ZnTPP-added vesicles before and after filtration, confirming the
absence of ZnTPP in the filtered sample.

Analysis and Description of the Time Evolution of the Vesicle
Population Size. The population of vesicles produced in our
PISA experiments shows three distinct growth regimes, as can
be inferred by plotting the number of vesicles vs. time, and is
shown by the red-yellow swath around the data points for three
independent experiments in Fig. 3. Overall, the data on this
swath contain a pattern consisting of three consecutive and clearly
differentiated stages in the evolution of the population dynamics.
To analyze each of these stages, we can examine the growth rates
of the number of objects during each individual stage. These rates
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Fig. 4. The transfer of ZnTPP molecules from first generation vesicles to next generation. (A) Graphical scheme illustrating our filtration experiments, and
where we find that ZnTPP stays in the hydrophobic membrane of the population of vesicles (contained in the retentate of the filtering experiment) when it is
filtrated through a 0.220 pm PTFE (Teflon) filter. (B) Fluorescence imaging of the vesicles with ZnTPP irradiated in green light and showing the percentage of
vesicles produced with ZnTPP and without ZnTPP, respectively. (C) Filtration experiment. Cuvette showing solution before filtration. (D) Filtration experiment.
Cuvette showing solution after filtration. (£) Microscope image of the filtrate irradiated with the microscope green light and showing that no vesicle formation

took place in the filtrate.

can then be used to infer a chemical rationale for the dominant
chemical factors underlying each of the stages.

The growth rates characterizing the three stages can be identified
numerically by calculating the first and second derivatives with
respect to time of the fitted data for the population size curve in
Fig. 3. They are displayed in S/ Appendix, Fig. S11. These three
distinct regimes can be readily understood chemically on the basis
of HPMA monomer consumption in the illuminated area over
the microscope slide on which the observations for Fig. 3 were
made (which was 0.7 mm? or 0.4% of the unilluminated area).
Stages 1, 2, and 3 correspond to the three different time-slices we
selected in Fig. 3. Stage 1 includes time from the initiation of the
observation (t = 0) to approximately 2,400 s into the time-lapsed
imaging observations, Stage 2 times between 2,400 s and around
14,350 s, and Stage 3 times between 14,350 and 43,150 s when
we ended the observations.

During Stage 1, the HPMA concentration in the slide is high,
polymerization starts, is very rapid and is accompanied by a high
growth rate of vesicle formation. This fast growth of the vesicle
population consumes and depletes the locally available amount
of HPMA monomer in the illuminated (by green light) area of
the microscope slide, and by about 2,400 s into the reaction, the
rate of population increase had reached the limit and a very obvi-
ous deceleration leading to a new stage of vesicle population
dynamics, which we call Stage 2. This new stage starts with the
just mentioned ongoing deceleration but, contrary to what one
would expect for a system approaching equilibrium, it does not
coast down, and at around 4,700 s slowly and almost unnoticeably

https://doi.org/10.1073/pnas.2412514122

accelerates for a long period of time. For the formulation of our
reactions, this allows for the previously HPMA-depleted areas in
the field of view to recharge by the diffusion of the HPMA present
now in a higher concentration in the area surrounding the illu-
minated region where the HPMA food was depleted during Stage
1. At about 14,350 s, the rate of vesicle production starts to
increase again and enters a new regime we call Stage 3 during
which HPMA consumption accelerates, although at a much slower
rate than in Stage 1 and the newly produced vesicles start contrib-
uting to the population. Finally, after reaching a maximum at
about 30,000 s, the growth rate begins to decelerate again with a
very slow convex upward trend which reminds one of a sigmoidal

growth (43).

Conclusions

Reproduction is among the most fundamental functions in natural
living systems. It can assure the survival and continuity of a species
and can enable some of biology’s most characteristic features, such
as species population behaviors and, when it includes heritable
variation, Darwinian evolutionary phenomena (4). Presumably,
self-reproduction has been present from early in the history of life
on Earth and today, employing biochemistry as the chemistry of
extant life, is at the core of the universal CDC (5). In the simplest
forms of extant life (e.g., in most bacteria), reproduction proceeds
through a type of self-reproduction in which a living system on
its own and under the control of its biochemistry, generates at
least one additional fully functional instance of itself.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2412514122#supplementary-materials

Downloaded from https://www.pnas.org by 195.252.220.37 on February 7, 2026 from IP address 195.252.220.37.

We have asked ourselves whether biochemistry and its attendant
complexity are necessary for the self-reproduction that we observe
in natural (extant) living systems or whether it could also happen
in our fully synthetic, strictly nonbiochemical, and far simpler
polymeric systems. We find that biochemistry is not necessary,
but of course is sufficient.

In this paper, we present experimental results of a detailed study
of system self-reproduction in emergent nonbiochemical poly-
meric vesicular populations created with PISA. These vesicles
emerge autopoietically from an initial heterotrophic and homo-
geneous mixture of (nonbiochemical) molecular species which
undergo a RAFT (26) photopolymerization reaction in a liquid
medium (H,O in this study) that transforms the initial molecules
into amphiphilic block copolymers. After the reaction starts, when
the CMC for the emerging synthesized amphiphiles in the
medium is reached, the amphiphiles autonomously self-organize
and self-assemble into functional micelles which entrap the orig-
inal reaction and under its control further develop and transform
into vesicles. A graphical scheme representing the key events taking
place in the physicochemical time evolution of our system is sum-
marized in S Appendix, Fig. S14. [This is not a unique system and
is only one example of a class of systems capable of undergoing
PISA (24, 34, 41, 44, 45)].

By using a protocol of filtrations combined with DLS, NMR,
TEM, and optical microscopy of the PISA solution containing the
developing vesicles, and monitoring the number of vesicles in filtrate
and retentate, we determine and quantify the growth patterns of the
populations of vesicles. They follow nonlinear hump-and-trough
patterns whose analysis indicates that parent vesicles produced off-
spring vesicles which, in turn, also reproduced. Our findings are
consistent with the congestion of the vesicle membrane by partially
reacted and/or degraded shorter, but living, amphiphiles originally
in their lumen and which due to chemiosmotic forces and the pres-
ence of defects in the membrane, are squeezed out of the vesicle into
their heterotrophic environment.

The above scenario is consistent with interpreting the squeezed
out, partly polymerized (with a DP below the theoretical value
for which the initial blend composition was calculated) and chem-
ically living amphiphiles as chemical spores from which the gen-
erational progeny emerges. The simple (conformational)
information that gets transferred by these spores is in the structure
and length of their partially (and internally modified) reacted
amphiphiles whose properties depend on the history of the
mother. Their polydispersity index can differ from one generation
to the next which provides a primitive and remarkably simple
mechanism of heritable variation.

We note that none of the above processes are per se autocat-
alytic at the chemical level and therefore conclude that the vesicle
reproduction processes on which we report here do not require
an autocatalytic chemistry. Our process shares some features with
what has been discussed by other authors (7, 8, 17, 46), on
micellar/vesicular autocatalytic reproduction and recently
extended to oscillating vesicles (47) by the Fletcher group.
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Materials and Methods
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