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Phase-Separated Droplets Can Direct the Kinetics of
Chemical Reactions Including Polymerization, Self-
Replication and Oscillating Networks

Iris B. A. Smokers*,® Brent S. Visser*,®”’ Wojciech P. Lipifski,” Karina K. Nakashima,®* and

Evan Spruijt*®

Phase-separated compartments can localize (bio)chemical reac-
tions and influence their kinetics. They are believed to play an
important role both in extant life in the form of biomolecular
condensates and at the origins of life as coacervate protocells.
However, experimentally testing the influence of coacervates
on different reactions is challenging and time-consuming. We
therefore use a numerical model to explore the effect of phase-
separated droplets on the kinetics and outcome of different
chemical reaction systems, where we vary the coacervate
volume and partitioning of reactants. We find that the rate of
bimolecular reactions has an optimal dilute/coacervate phase

Introduction

It is hypothesized that phase-separated droplets called coac-
ervates play important roles both in extant life and at the
origins of life"™ Cellular coacervates are commonly called
membraneless organelles or biomolecular condensates and
they include the nucleolus, stress granules and Cajal bodies.”
Their functions in health include cellular organization, signaling
and RNA processing, but emerging evidence suggests that
coacervates also play a role in protein aggregation, linking
them to neurodegenerative diseases.*” In the origins of life
field, coacervates have been proposed as protocells: a first
generation of cellular compartments in which processes
important to proto-life could be localized.?*®

In all these cases, the local physicochemical milieu inside
the coacervate or biomolecular condensate offers a distinct
environment that can significantly influence (bio)chemical
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volume ratio for a given reactant partitioning. Furthermore,
coacervates can accelerate polymerization and self-replication
reactions and lead to formation of longer polymers. Lastly, we
find that coacervates can ‘rescue’ oscillating reaction networks
in concentration regimes where sustained oscillations do not
occur in a single-phase system. Our results indicate that
coacervates can direct the outcome of a wide range of reactions
and impact fundamental aspects such as yield, reaction path-
way selection, product length and emergent functions. This
may have far-reaching implications for origins of life, synthetic
cells and the fate and function of biological condensates.

reactions. Guest molecules that have favorable interaction with
the coacervate components are locally enriched inside the
droplets, while molecules that do not interact are excluded. At
equilibrium, a constant ratio of concentrations is maintained
between the dense coacervate phase and the dilute surround-
ing phase, which is governed by the partition coefficient K,
while at the same time molecules are continuously exchanged
between the coacervate and its surroundings. This enhanced
local concentration and exchange has been shown to affect the
kinetics of reactions in coacervates.”'” Additionally, the local
polarity, crowding, pH and water activity can have substantial
effects on the energy landscape of reactions, affecting both
reaction rates and pathways.*'®

A wide range of reactions have been shown to be enhanced
by localization to a coacervate, including enzymatic®'>'>719
and nanoparticle-catalyzed®*” reactions, ribozyme
reactions,*'""* reactions between synthetic and prebiotically-
relevant small molecules,'®'%*%1  template-directed RNA
polymerization,”™® DNA ligation®” and cell-free gene
expression.”® Our group has recently also shown that coac-
ervates can lead to preferential formation of specific products
in peptide ligation by oxidative coupling of a-amidothioacids
and amino acids,*’ showcasing that coacervates can not only
accelerate reactions, but also direct reaction pathways. We
hypothesize that coacervates can have significant and non-
trivial effects on a range of reaction types and in reaction
networks. However, experimentally testing these effects is
challenging and time-consuming. Computer model predictions
may provide a solution to identify interesting reaction types
and elucidate design principles for desired reaction outcomes,
and can serve as a guide for experiments. Previous theoretical
work has provided fundamental insights into processes such as
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protein aggregation,”**” heterodimerization and cluster

formation,”” and enzymatic activity in coacervates®? but a
versatile and easily adaptable model for practical chemical
reactions and reaction networks that is able to explain how
experimental systems can be optimized to get a desired
reaction outcome, is still lacking.

In this work we use a numerical model to investigate how
coacervates can affect the kinetics of reactions that are relevant
for (the emergence of) life, based on changes in the partition
coefficient of reagents and products, local changes in rate
constant and exchange between the dense and dilute phase.
We find that the rate of elementary reactions in coacervates can
be optimized by tuning the partition coefficient and volume
ratio between the dilute and coacervate phase. Polymerization
and self-replication reactions can be accelerated in a two-phase
system, and coacervates can favor the formation of longer
polymers, while locally improving polydispersity, possibly
allowing for better information storage in coacervate protocells.
Lastly, we find that for oscillating reaction networks the
periodicity and amplitude of oscillations can be altered by
incorporation in a two-phase system, and oscillations can even
be ‘rescued’ in concentration regimes where sustained oscil-
lations do not take place in a single-phase system.

Results and Discussion
Numerical Model Description

In all systems presented in this paper we assume that reactions
occur in a two-phase system, composed of two compartments
representing the dilute phase and the dense phase of a physical
phase-separated system. We consider reactants and products to
be dilute guest molecules that are not involved in phase
separation and that exhibit ideal solution behavior. We assume
that the reactants do not change the volume, viscosity, density
or polarity of the dense phase upon partitioning, so their
reaction rate constants in both phases are not affected by
partitioning. For cases where reactants or products are directly
involved in phase separation, ideal behavior can no longer be
assumed, and we refer to a recent article by Bauermann et al.
who showed how chemical and phase equilibria are linked in
such cases.?¥

We assume that all reactions can occur in both phases and
that the reactants and products are transported between the
phases. Partition coefficients (ﬁ = Cch’ = K;) are determined
by the ratio of the transport rate from the dilute phase into the
dense phase and the transport rate from the dense phase to
the dilute phase, which is equal to the ratio of the concen-
tration in the dense and dilute phase. We further assume for all
systems studied in this paper that they are limited by the rate
of the reactions and not by diffusion of reagents. This means
that all species are evenly distributed in both phases at all
times, and we do not consider spatial inhomogeneities or
gradients within the dense or dilute phase. Since we focus here
on condensates as protocellular microreactors and reactions
relevant for the emergence of life, this assumption can easily be
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justified. Typical half-lives for prebiotic reactions in coacervates
- including prebiotic TCA cycle reactions, oxidation reactions,
template-directed replication and polymerization - are on the
order of (half) hours to days"°**** while typical diffusion rates
inside coacervates are on the order of seconds to minutes, with
experimental values measured at 10-100 um/s> for smaller
molecules,® and 0.1-10 for larger polymers such as RNA.F**%
Given the 2-3 orders of magnitude difference in timescales of
diffusion and reactions, all reactants can indeed be assumed to
be evenly distributed, analogous to previous work on protein
aggregation in two-phase systems by Weber et al., where the
same assumption was made.**? We note that this assumption
greatly simplifies our model, as we do not take into account
spatial coordinates in the dilute and dense phases, and thus, we
do not consider effects such as active condensate size
regulation or dynamic reaction-induced size instabilities that
lead to division, which have been described by others.*’
Nevertheless, as we show below, even without spatial inhomo-
geneities, condensates can fundamentally affect the outcome
of chemical reaction networks. Our model provides a conven-
ient tool to better understand these effects for reactions that
take place at timescales of tens of minutes to days, which
covers most of prebiotic reactions and biological processes,
including enzymatic reactions, RNA self-replication, protein
aggregation and peptide synthesis.

In all simulations the ratio of volumes of the dilute phase to
the dense phase is fixed and described by parameter R = VV—“‘d
For instance, R = 100 means that the volume of the dense
phase is 100-times smaller than the volume of the dilute phase.
We also note that the volume fraction of the dense phase ¢ is
inversely related to Rvia ¢ = 1/(1 +R).

All reactions and the transport equations compose a set of
differential equations that are solved numerically to obtain the
concentration of reactants over time (per phase). For example,
for the first-order reaction (A — B) we use the following set of
equations:

dAlg
[d}.dl = k[A]ai — Keit—cona [Alai + Kcond—dit[Alcond
d A coni
[ Jt . = k[A}cond + deilﬂcond [A]dil - chondﬂdil [A}cond

where [A] is the concentration of species A. The inclusion of R in
the transport equation for the dense phase ensures that
transporting one unit of concentration of reactant from the
dilute phase to the dense phase produces R units of concen-
tration in the dense phase (due to R-times smaller volume).
Systems of differential equations for more complex reac-
tions are constructed analogously. Below we present the
schematic representations of the reaction systems studied and
we provide the full description of the corresponding systems of
differential equations in Supplementary Information Section 1.
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Rate Acceleration is Optimal for R=KP

To establish the foundations of chemical reaction kinetics in
phase-separated droplets, we investigate a simple bimolecular
reaction A + B — C in coacervates (Figure 1a), inspired by the
aldol reactions and hydrazone formation reactions that have
been reported in the presence of simple and complex
coacervates."""" Coacervates can influence reaction rates both
by local accumulation of reactants and by changing the rate
constant kdue to the distinct local environment.” For reactants
that are also involved in phase separation, Bauermann et al.
recently showed that at phase equilibrium reaction rates for
coacervate-forming (scaffold) molecules are solely determined
by a change in k, because their chemical potential, and thus,
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activity is equal between the phases. However, this is different
for the dilute guest molecules we consider here, as they do not
contribute to phase separation. For dilute guests, the local
concentration is therefore an important contributor to the
reaction rate. This situation is reminiscent of the enhanced
reactivity of hydrophobic compounds in micellar catalysis.*”’
The effect of the local coacervate environment on reaction
rates, is, however, difficult to generalize, because many factors -
crowding, polarity, water activity, protonation equilibrium, and
more — have non-trivial effects” For example, interaction of
reactants, transition states and products with the apolar or
charged coacervate material can either accelerate or slow down
a reaction, depending on the extent of (de)stabilization of the
reactant, transition state and product of the reaction: if a
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Figure 1. Bimolecular reaction system in two phases. (a) A bimolecular reaction A 4+ B — C is modeled in two phases with an identical rate constant in both
phases. All molecules can travel freely between both phases. (b) We vary the partition coefficient (K;) and volume ratio (R) in our simulations. (c) Top: Higher
partitioning of the components speeds up the reaction (R = 100). Bottom: Reaction rate converges to rate in single phase for very small coacervate volumes (
Ke = 10). (d) For a set K;, the relative rate enhancement (Kyyo phase /Ksingle phase) Of the simple reaction in a two-phase system is optimal when R is equal to the K.
Inset shows the R at which rate enhancement is maximum versus K. (e) At R = K, the dense and dilute phase contain an equal amount of reactant. An
increase in R will lower the amount of reactant in the dense phase. (f) The rate enhancement of the reaction is always higher for a higher value of K,
regardless of R. Larger compartments enhance the reaction more for smaller K,, while smaller compartments have a larger increase for a higher K;. (g)

Heatmap of the overall rate enhancement for the full range of R and K.

ChemSystemsChem 2025, 7, e202400056 (3 of 11)

© 2024 The Authors. ChemSystemsChem published by Wiley-VCH GmbH

85U8017 SUOWIWOD 8A1IeR1D 3edldde au Aq peusenob aJe se[oie YO ‘@SN Jo SN 10} AReiq18ulUQ A1 UO (SUORIPUOD-PUe-SWLR/W0O" A3 1M Afeq 1 Ul juo//Sdny) Suon|puoD pue swie | 8 8ss *[620z/20/Te] uo Ariqiiauliuo Aeim ‘Ariqi Avsienun ebpuqued Aq 950001202 1545/200T 0T/10p/i0d A8 Arelq1jputjuo'adone-Alis iweyd//sdny wiouy pepeoumod ‘T ‘sloz ‘90Z0.52



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSystemsChem doi.org/10.1002/syst.202400056

reactant binds strongly to the coacervate material and is
therefore stabilized, this may slow down the reaction, while
stabilization of the product can accelerate it. These effects can
effectively be captured in k, but are difficult to predict. Only a
few experimental examples exist in literature where coacervate
properties are directly linked to reaction kinetics."'-'*'7

Therefore, we study the effect of concentration and changes
in k here separately, and analyze the effect of local concen-
tration on reaction kinetics in a two-phase system in this section
first, and then discuss the influences of variations in the rate
constants k. We vary K, between 1-1000 and R between 1-
1000 (i.e. from having 50% v/v to ~0.1% v/v dense phase),
ranges that are achievable in experimental systems (Figure 1b).
For simplicity, Kp's of all components are equal, unless
otherwise specified. Experimental partition coefficients are
often in the range of 2 to 50,""*" but values as high as K, =
10,000 have been reported.** The range of R in experimental
systems can vary widely depending on the coacervate-forming
components and the location in the phase diagram. For
biomolecule-based coacervates, R is often in the range of 200-
2000, although R can become infinitely large at the edge of
the phase diagram (R — o when ¢ — 0). On the other hand,
for coacervates prepared with synthetic polymers (for which
larger monomer concentrations can be obtained), values of R
lower than 1 have been observed."”

First, we simulated how the partition coefficient K, of the
reactants affects the overall reaction time, with fixed R =100.
As expected, we find that higher partitioning leads to a faster
reaction (Figure 1c). This simple example shows the potential of
even relatively small amounts of coacervate phase to have a
substantial effect on the overall reaction rate of the bulk. In the
case of varying the phase volume ratio R (at fixed K, = 10), we
observe the highest rate enhancement for R = 10 with the
reaction rate converging to the rate in a single phase for large
values of R (Figure 1¢), i.e. for a smaller volume of coacervate
phase. This is to be expected, as for a smaller coacervate phase
volume at constant partitioning, the relative contribution of the
dense phase reaction to the overall reaction diminishes.

The observed rate enhancement by coacervates led us to
investigate the relationship between R and K,, by calculating
the apparent overall rate constant based on the change in the
total concentration of C (K phase): We normalized these
apparent rate constants by dividing them by the rate constant
of the single-phase reaction, given by rate constant Kgngie phase-
We first analyzed how changing R at different, constant values
of K, changes the apparent rate constant of the entire system.
We found that for any value of K, there is an optimal value of R
to achieve the highest rate enhancement (Figure 1d). Such a
maximum was recently also observed by Laha et al.®" Further
analysis showed that the peak coincides with R = K, which we
also find by analytically examining our system (Supplementary
Information Section 2.1). This can be understood by considering
that the optimal rate enhancement is related to the total
amount of material within the coacervates and the local
concentration. At R = K, the amount of reactant in the dense
and dilute phase is equal (Figure 1e). Because the total amount
of reactant is fixed, a decrease in R will result in a lower reactant
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concentration inside the dense phase (Supplementary Informa-
tion Figure 3), and thereby lead to a lower local reaction rate
inside the coacervates, while an increase in R will lower the
amount of reactant in the dense phase (Figure 1e) and thereby
reduce the effect of the dense phase reaction on the overall
reaction rate. Further examination also showed that when the
rate constant k is locally different inside the coacervate, the
maximum rate enhancement is still approximately at R = K5,
even for a ten-fold increase in rate constant (Supplementary
Information Section 2.1, Supplementary Figure 2).

On the other hand, when we varied K, for a set of constant
R values, we found that for any R, the highest rate can be
achieved by increasing the K, (Figure 1f). This observation can
be rationalized by the fact that concentrating a larger number
of molecules into a smaller compartment consistently results in
a faster reaction. Interestingly, for smaller values of R rate
enhancement is already observed for lower partitioning, but the
maximum rate enhancement is limited due to the larger
compartment. Smaller compartments show the potential to
achieve higher overall rate enhancements, provided there is a
sufficiently large K.

Taken together, these results highlight that rates are always
highest when the reactants are concentrated as much as
possible (i.e. high K;), under the assumption that ideal solution
behavior is retained, but for a given K;, there is an optimal ratio
of volumes for the two phases to achieve the highest rate
enhancement (Figure 1g). We expect that in experimental and
biological systems there is often partial control over the ratio of
the two phases by controlling the concentration of the phase
separating material, but there is limited control over the
partitioning of the reactants. Although molecules could be
functionalized with groups that enhance their partitioning, such
modifications will often also affect their reactivity, especially in
the case of small molecules. We show here that for such cases,
tuning the volume ratio of the coacervate phase versus the
dilute phase is a helpful method to control the reaction rate.

Coacervates Promote Longer Sequences in Polymerization
Reactions

Inspired by these results for a simple bimolecular reaction, we
wondered what effects coacervates could exert on more
complex reactions and networks. We first investigated a
polymerization reaction in coacervates. Studying the effect of
coacervates on polymerization reactions can give important
insights for the origins of life: the formation of the first
biopolymers (RNA, DNA, peptides) is thought to be crucial for
the emergence of life.***? It is known that polymerization can
be aided by minerals"” or by drying the reaction mixture down
to a paste,*®*” as both these processes locally increase the
concentration of reagents. Coacervates can similarly increase
reagent concentration, but a systematic analysis of their effect
on polymerization reactions is lacking.

To determine the effects of coacervates on the chain length
and polydispersity of the polymerization products, we inves-
tigated a chain growth polymerization reaction (Figure 2a), in
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Figure 2. Polymerization in two phases. (a) Schematic overview of the chain growth polymerization reaction that can occur in two phases. Longer polymers
have a lower transfer rate out of the coacervate, and therefore a higher K. (b) Increased partitioning leads to a faster formation of longer polymers and
higher final average polymer length. K; is defined as the K, of the monomer (R = 100). (c) The dilute (top) and dense phase (bottom) have a distinct
distribution of polymer lengths over the course of the reaction, with the dense phase retaining longer polymers (Ko, monomer = 10; R= 100). (d) Top: The
number average final polymer length increases for stronger partitioning up to a maximum around K, = 20 for the total sample and K, = 12 for the dense
phase. The final polymer length is consistently longer than for a single-phase system. Bottom: The obtained polydispersity index (PDI) follows a similar trend
as the final average polymer length, with a maximum around KP = 10 for the total sample and K, = 15 for the dense phase. (e) The obtained average polymer
length and PDI vary as a function of the ratio of the initiation and propagation rate, with a pronounced difference between a single-phase and two-phase

system for slow initiation compared to propagation (Kp. monomer = 10; R = 100).

which both the monomers and products partition into the
coacervate. Because longer polymers have a stronger interac-
tion with the coacervate matrix and have slower dynamics,®"*?
we modeled the longer polymers to have a lower Kkcgng_qi
following an exponential decay and concomitant higher K,
(Supplementary Figure 6). We chose an exponential decay
because according to Flory-Huggins theory the coacervate
volume fraction ¢, - and thus solubility — of long polymers
scales approximately with @, = e *™V, with ¥ being the
Flory-Huggins interaction parameter and N the degree of
polymerization.®¥ Even though long polymers are retained in
one phase, the transfer of monomer should still be fast. We
therefore expect the reaction rate to not become diffusion-
limited even for high degrees of polymerization. We further
assumed that all polymer lengths have equal kopagation, and the
polymerization to be living, i.e. to not terminate.

First, we modeled how the number average polymer length
is affected by partitioning into coacervates compared to a
single-phase reaction (Figure 2b, d). This was done by simulat-
ing the concentration of all polymeric species (up to a cutoff
length n = 200). We confirmed that the cut-off length does not
influence the output of our model: at the end of the reaction
the concentrations of length 200 are below 1-107" (Supple-
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mentary Figure 7-8, Supplementary Movie 1). We find that by
increasing the partitioning of the reactants (K, is the partition
coefficient of the monomer), the reaction rate increases and
long polymers are formed faster than in a single-phase reaction.
Additionally, the final average polymer length is increased, up
to a maximum for K, = 20 (Figure 2d top). For K, > 20 the
average polymer length was found to decrease. Under these
conditions, both the initiation and propagation take place
almost exclusively in the dense phase (Supplementary Figure 9),
and inside the dense phase the contribution of the initiation
reaction increases (Supplementary Figure 10), most likely
because of an increasingly high local concentration of mono-
mers which has a comparatively larger effect on initiation
(which is second-order in monomer) than on propagation
(which is first-order in monomer). The maximum in polymer
length as a function of K is directly related to the contributions
of initiation and propagation to the total system, for which the
minimum in contribution of initiation coincides with the
maximum in average polymer length (Supplementary Fig-
ure 10). Changes in R also affect the average final polymer
length, with larger R giving the largest final polymer length,
while intermediate R gives a faster formation of long polymers
(Supplementary Figure 12).

© 2024 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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The increase in average polymer length is accompanied by
a broadening of the distribution of polymer lengths (Supple-
mentary Figure 8, Supplementary Movie 1), as the dense phase
retains the long polymer sequences, while the dilute phase is
enriched in shorter sequences (Figure 2c). This results in a
higher polydispersity index (PDI) for moderate K,'s than for low
K, (Figure 2d bottom). For larger K,'s, however, the PDI
decreases again following the decrease in average polymer
length. The polydispersity in a single-phase system is, however,
always lower than in a two-phase system. Nevertheless, for low
to intermediate K, the local PDI of all polymers in the dense
phase is lower than the PDI of all polymers formed in a single-
phase system, while a higher average polymer length is
obtained. This suggests that coacervates may serve to select
polymers based on length, and reduce the local variations in
length. Isolation of the dense phase after the polymerization
reaction is completed may yield long polymers with a low
polydispersity.

To generalize our model for polymerization reactions with
different rates, we modulated the ratio between the rate of
initiation and propagation. We analyzed the average polymer
length at the end of the reaction (Figure 2e) for both a two-
phase and a single-phase system. Only for slow initiation
compared to propagation (low ratio) a difference is observed
between a two-phase and single-phase system, with the
reaction in a two-phase system leading to a larger final polymer
length. For faster initiation, more polymers are nucleated and
the final polymer length is shorter due to the limited amount of
monomer. Under these conditions, coacervates do not make a
significant difference to the final polymer length that is
obtained, because, due the shorter final length, the effect of
retention of longer sequences in the coacervate is less strong.
Also, the difference in PDI is larger for slow initiation and
diminishes for fast initiation, although for the PDI the difference
between a two-phase and single-phase system remains up to
higher ratios of initiation to propagation.

These results show that coacervates are a promising
environment for forming longer polymers. Isolation of the
dense phase after completion of the reaction could yield long
polymers with low PDI and might be useful for industrial
purposes. For the origins of life, we would argue that the
importance of forming longer sequences outweighs the dis-
advantage of having a larger PDI in the total two-phase system.
The formation of longer polymers would make it possible to
store more information in the first genetic polymers and these
longer sequences could be selectively retained inside coac-
ervate protocells. Longer sequences of RNA are also more likely
to gain catalytic function. Similarly, longer peptide sequences
are more likely to have a defined fold or undergo phase
separation, which would allow the coacervate to promote the
formation of its own material. Lastly, a larger population of long
polymers can cover a larger sequence space, increasing the
chance of creating functional sequences.
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Self-Replication Rate can be Increased in Coacervates

To replicate the sequence information stored in prebiotic
biopolymers, self-replication is thought to have preceded more
complex  enzyme-based  replication.***®  Self-replicating
DNAs,5*7  peptides,*®*¥  ribozymes™®*? and  synthetic
molecules®® have been developed, which replicate them-
selves by coordination of two building blocks to a template,
which increases the effective molarity of the building blocks
and facilitates their ligation, forming a copy of the template
molecule (Figure 3a). A general problem in most of these
systems, however, is product inhibition: dissociation of the
formed template duplex is so slow that it prevents the product
template from catalyzing a new round of replication.>”
Coacervates have been shown to melt nucleic acid
duplexes,®** and could therefore potentially alleviate product
inhibition. This is a delicate balance, as the same interactions
that weaken the template duplex are also likely to weaken the
interaction between template and building blocks.”’ Another
step in the replication process that coacervates can affect is the
rate of ligation between the building blocks, which can be
increased due to a higher local concentration.

The functioning of self-replicators inside coacervate proto-
cells has recently received a lot of attention. Several self-
replicating DNA and ribozyme systems have been shown to
function inside coacervates,”**! and in some cases the
replication rate is even enhanced."" How well self-replication
works is highly dependent on the nature of the coacervate
material.®>**”’ We aimed to get a deeper understanding of how
coacervates can promote self-replication and help overcome
product inhibition.

We modeled a templated self-replication reaction with two
pathways, a non-catalytic pathway in which a bimolecular
reaction of A+ B forms template T, and a catalytic pathway in
which A and B coordinate to T to form a complex [ABT] upon
which ligation forms a duplex of templates TT, which are
subsequently released (Figure 3a). We assessed if the introduc-
tion of the coacervate phase could change the relation of the
autocatalytic pathway to the non-autocatalytic pathway. To do
so, we integrate the total concentration of T formed through
both reactions over time (Figure 3b). For visualization purposes,
system parameters were chosen so that cumulative contribu-
tions of both reactions are close to equal in the single-phase
system, starting with no T present. Under these conditions
W = 16.4, which is in the lower range of values found
for experimental self-replicating systems (Supplementary
Table 5).57°%5%%8 The results for a 100x larger ratio between the
pathways are similar and are described in Supplementary
Information Section 4.3. We normalize the total contribution of
both pathways to 1 to compare how the relative contributions
of both reactions change in a two-phase system with differing
K, of the components (Figure 3c). We assumed that all reaction
components partition to the same extent.

In the case of equal partitioning between the coacervate
and coexisting dilute phase (K, = 1), no change in the relative
contributions is found compared to a single-phase system, as
expected. However, we find that beyond K, = 1, there is an
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Figure 3. Self-replication in two phases. (a) Schematic overview of the self-replication that can take place in a two-phase system. Building blocks A and B can
react in an uncatalyzed bimolecular reaction to form template T, which can then catalyze its own formation by binding the building blocks and aiding their
ligation. A common limitation in most experimental systems is the slow dissociation of the template duplex to release the template strands for a further
round of replication. (b) A comparison between the T formed through the autocatalytic (ABT — TT) and non-autocatalytic pathway (A + B — T) in a single
phase and in a two-phase system (K, = 10, R = 100). (c) The contribution of the autocatalytic pathway has a maximum around K, = 10, after which it
decreases again for large K. The completion time for the reaction (normalized to the completion time in a single-phase system) decreases as a function of Kp.
K, is kept equal for all components in the system. (d) In the dilute phase, an increased K, leads to nearly exclusively autocatalytic formation of T. In the dense
phase, the non-autocatalytic pathway reaches a maximum around K, = 5, after which it decreases to an equal contribution of both pathways at large K. (e)
Duplex melting within the dense phase leads to an increase in the non-autocatalytic pathway, while increasing the completion time for the reaction (K, = 10,

R = 100).

optimum in the relative contribution of the autocatalytic
reaction to the self-replication at intermediate K,. For higher
partitioning the formation of T occurs faster, while the
contribution of the autocatalytic pathway decreases again
(Figure 3c). When we divide the contributions between the two
phases, we can see that in the dilute phase the reaction is
increasingly autocatalytic for higher K, (Figure 3d). The dense
phase, on the other hand, starts with equal contribution of both
pathways for K, = 1, but shows a strong increase in
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contribution from the bimolecular pathway until a maximum is
reached at K, = 5, after which its contribution decreases again.
For low K, (up to K, = 10) the reaction in the dilute phase has
the largest effect on the overall distribution of pathways in
Figure 3c. However, for larger K, (K, > 30), the reaction in the
dense phase starts to determine the overall reactions (Supple-
mentary Figure 15), as under these conditions the majority of
the reactant mass is in the dense phase and the majority of T is
formed there. By inhibiting transfer between the phases for
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individual components (Supplementary Figure 16-22), we were
able to find that transfer of ABT from the dense to the dilute
phase is critical to obtain the contributions in Figure 3c.
Formation of ABT is the most unfavorable step, as it is the step
with the highest molecularity. The high concentration in the
dense phase favors ABT formation (Supplementary Figure 23-
24), after which it is rapidly transferred to the dilute phase,
where it reacts to form TT (Supplementary Figure 25). These
observations show that free transfer between the phases is
crucial for the functioning of the self-replication reaction in a
two-phase system. Although a concentration-dependent distri-
bution of the pathways is also observed in a single phase
(Supplementary Figure 14), the maximum contribution of the
autocatalytic pathway is slightly larger in the two-phase system
(0.3 vs. 0.4), and, most importantly, the completion time for the
reaction can be significantly reduced in a two-phase system
(Figure 3c), without having to increase the overall reagent
concentration.

To investigate the effect of coacervates on product
inhibition, we modulated the strength of complex formation
between T + T «» TT and A + B + T < ABT by introducing a
‘duplex melting factor’ that increases the dissociation constant
for both equilibria to the same extent. In experimental systems,
such an increase in dissociation constant could be obtained by
changing the charge-density, charge-type, length and charge-
balance of the coacervate components,?>**¢’%% or by the extent
of Mg?™ partitioning for ribozyme self-replicators.”” Increasing
the duplex melting factor increases the contribution of the
bimolecular pathway (Figure 3e), and increases the relative
completion time. It is therefore unlikely that coacervates will
alleviate product inhibition, especially considering that in
experimental systems the termolecular ABT complex is likely
weakened more than the bimolecular TT complex.

Although reduction of product inhibition cannot be
achieved with coacervates — and must instead be achieved by
structurally changing the reactants or by temporal changes in
the dissociation constant — coacervates can aid self-replication
reactions by accelerating the reaction through local accumu-
lation of reagents, making it more likely for self-replication to
take place in the dilute conditions on prebiotic Earth.

Coacervates can Alter the Periodicity and Robustness of
Oscillating Chemical Reaction Networks

Lastly, we investigated how coacervates can affect more
complex reaction networks, such as networks that display
oscillatory behavior. Oscillatory behavior can emerge in out-of-
equilibrium systems and is known to drive many processes
important to life, such as circadian rhythm and the cell-
cycle.’®" QOscillations can only be achieved when a chemical
network system is complex enough and there is sufficient delay
in the reactions.””® The periodicity, amplitude and persistence
of oscillations are dependent on reactant concentrations and
rate constants, and could therefore be tuned by the local
conditions inside the coacervate phase.

ChemSystemsChem 2025, 7, e202400056 (8 of 11)

We modeled an oscillating system based on the
Brusselator”"® (Figure 4a) to investigate what effect K;, R and
the transfer rate between the phases can have on oscillations.
We started with varying K, and observe that stronger partition-
ing results in a shorter period and lower amplitude of the
oscillations (Figure 4b, e, Supplementary Figure 31, Supplemen-
tary Movie 2). To determine the period of the oscillations, we
found local maxima by comparing neighboring values and
calculated the average time between them for oscillations
between 5 and 50 minutes. Around K, = 11, the limit cycle
breaks down and the oscillation becomes unstable (Supplemen-
tary Movie 2). Similar behavior is observed for a single-phase
system at high concentrations (Supplementary Figure 32-33). In
addition to K;, the period and amplitude are also affected by
R(Figure 4c-e, Supplementary Figure 31, Supplementary Movie
3). The period does not decrease linearly upon R, but has a
steep decline between R = 25 and R= 35, after which it reaches
a minimum around R = 40 and it slowly increases again for
larger R. The onset of the steep decline corresponds to the
point where the oscillations collapse into a smaller limit cycle
and the system undergoes transient instability before entering
the limit cycle (Figure 4d, Supplementary Figure 34-35, Supple-
mentary Movie 3). The maximum amplitude, however, does
show a gradual decrease for larger R, but similarly increases
again for large R.

In addition to giving changes in amplitude and periodicity
of oscillations, coacervates can help to sustain oscillations in
concentration regimes that do not give sustained oscillations in
a single phase because they do not fulfill the criterion [B] < [A]?
+ 1 (Figure 4e top). When B partitions more strongly than A -
in this case Kpacxy = 5 and Ky = 30 — the concentrations
inside the coacervate phase still obey the criterion for sustained
oscillations, and stable oscillations are maintained in the system
overall. In this way, coacervates can increase the robustness of
the oscillatory network.

The changes in period, amplitude and robustness caused by
including oscillatory reaction networks in a two-phase system
affect the timekeeping and output of the system, and thereby
alter its function. Such changes can have profound effects on
downstream reactions coupled to the oscillatory network,””
and could possibly play a role in oscillating biomolecular
reaction networks in the cell in the presence of biocondensates.

Conclusions

In this work, we have shown that coacervates can direct
outcomes of several chemical reaction systems. We found that
the reaction rate of elementary bimolecular reactions can be
significantly increased in coacervates and can be optimized by
either increasing the partition coefficient, or by adjusting the
phase volume ratio R to equal K,. These insights allow for
optimization of reactions rates in experimental systems by
either modifying the reactants to have stronger partitioning or
by adjusting the amount of coacervate material to get the
desired volume ratio. We further showed that coacervates can
cause unexpected outcomes for more complex reactions. For
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Figure 4. Oscillatory reactions in two phases. (a) Schematic overview of the Brusselator reactions. All reaction components partition equally into the
coacervate phase. (b) A larger K, lowers the periodicity and amplitude of the oscillations (R = 100). At K, = 12 sustained oscillations are no longer observed.
(c) A larger R lowers the periodicity and amplitude of the oscillations down to a minimum, after which they increase again. (d) Phase plot showing the
decreased periodicity and amplitude for higher R (K, = 10). At R = 50, the system undergoes transient instability before entering the limit cycle. (e) Average
period of oscillations between 5 and 50 minutes of the reaction as a function of K, (R = 100) and R (K, = 10). The period decreases as a function of K, up to
Ko, = 11. The period of oscillations decreases as a function of R with an increase in slope around R = 25, and a minimum around R = 40, after which the
period increases again. (f) For different partitioning of reactants, a two-phase system (bottom; K; o cxv = 5, Kp 5 = 30, R = 100) can sustain oscillations at
overall concentrations that do not give sustained oscillations in a single phase (top).

polymerization reactions, inclusion in coacervates can lead to
faster polymerization and formation of longer polymers. For
self-replication, the reaction can be significantly accelerated by
introduction into a two-phase system, although duplex melting
inside the coacervate does not help to alleviate product
inhibition. Lastly, coacervates can affect both the periodicity
and amplitude of oscillating networks and can even ‘rescue’
oscillations in concentration regimes where oscillations are not
sustained in a single-phase system.

We modeled a simple example of a self-replicator and
oscillating network. Experimental examples of such nonlinear
systems are inherently more complex and can have complex
dependencies on factors such as temperature or reagent
concentration, even in a single phase system. To model the
effect of coacervates on a specific experimental system, these
dependencies would therefore have to be taken into account,
and may result in a different outcome. Our model does,
however, provide an example of the effect that a two-phase
system can have on nonlinear systems such as self-replicators
and oscillating networks.

In our model we assumed transfer between the phases to
be non-limiting (except for the polymerization reaction), so that
a single large coacervate droplet is equivalent to several small
droplets. In some experimental systems, however, the interface
might form a physical barrier for transport between the
coacervate phase and the dilute phase due to the interfacial

ChemSystemsChem 2025, 7, e202400056 (9 of 11)

resistance.’® This effect is expected to be stronger for larger
molecules that can adopt different conformations, of which
some do not interact with the coacervate material due to
shielding of interacting regions of the sequence, and would
therefore ‘bounce off' the interface. In such cases a large
coacervate surface area (as is obtained for many small droplets)
would slow down exchange and a single large coacervate
droplet would be more favorable. In the case of diffusion-
limited reactions, however, a large interface area might actually
be advantageous, as under these conditions substrate can be
supplemented from the dilute phase more rapidly. For such
cases, the coacervate surface area (and therefore droplet size)
will further influence the kinetics of the system, and may give
rise to emergent phenomena such as synchronization.

Taken together, our results show that coacervates hold
great promise as microreactors that could direct the outcome
of a wide range of reactions, including biochemical reactions in
biological condensates, prebiotic reactions at the origins of life
and synthetic reactions for industrial purposes.

Supporting Information

Additional simulation results, methods, rate equations and
model parameters, analytical derivation of the relationship
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