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Abstract
Liquid-liquid phase separation (LLPS) is a mechanism by which membraneless organelles
form inside cells, and has been hypothesized as a mechanism for prebiotic
compartmentalization. Here we present a prebiotically plausible pathway for non-associative
phase separation, which could drive biopolymer self-organization and compartmentalization to
form the earliest membraneless compartments, within an evaporating all-aqueous sessile
droplet. Through a quantitative understanding of the kinetic pathway of phase separation, we
find that non-uniform evaporation rates across the droplet surface induce compositional
gradients and surface tension differences, triggering LLPS and polymer self-organization
inside the sessile droplet. With the ability to undergo LLPS, the drying droplets provide a robust
mechanism for formation of prebiotic membraneless compartments. These self-organized
membraneless compartments, with volumes comparable to subcellular structures, could
represent a mechanism for the enrichment of information-carrying molecules and formation of
RNA-containing organelles. We demonstrated compartmentalized localization and storage of
nucleic acids, in vitro transcription, as well as a three-fold enhancement of ribozyme activity.
This model system demonstrates a cell-like, aqueous, macromolecular crowded and
thermodynamically

non-equilibrium

microenvironment.

Such

a

mechanism

for

compartmentalization is feasible on wet organophilic silica-rich surfaces during early
molecular evolution.

Introduction
Microdroplets have been demonstrated as prebiotically plausible reactors1-3. Microdroplet
reactors facilitate thermodynamically unfavourable synthetic reactions in bulk solution, where
one product molecule is formed from two or more reactant molecules with a high loss of
entropy.4 In particular, evaporation could have played a critical role in these prebiotically
relevant process, such as concentrating reagents to enhance the reaction rates inside
microdroplets,5-7 and regulating conditions for biopolymer synthesis through wet-dry cycling.810

Despite overcoming the inherent thermodynamic unfavorability in chemical synthesis, how

prebiotic synthesized polymers assemble into cellular and subcellular-like compartments
capable of autocatalysis11 and self-replication12,13 remains unresolved.
Liquid-liquid phase separation (LLPS) has recently been shown as the route for the
formation of the intracellular membraneless organelles14-16. Besides their biological functions
in modern cells, the existence of the membraneless organelles in cells provides a new
perspective on prebiotic compartments on the early Earth,17 suggesting that these nonmembrane-bound compartments may represent “remnants” of ancient structures for
spatiotemporally regulated biochemical reactions.18 This concept dates back to Alexander
Oparin’s arguments in the 1930s.19 LLPS is a thermodynamically transient, non-equilibrium
process leading to phase segregation (non-associative, or segregative phase separation) or the
formation of coacervates (associative phase separation) in an initially well-mixed
macromolecular-containing systems, which can be tuned by varying polymer concentration,
charge density, pH and temperature. With the ability to concentrate biopolymers and form
primordial compartments in the dilute “primordial soup”,20 LLPS has been reported to guide
the transition from prebiotically synthesized polymers to highly organized structures that drive
the evolutionary engine of the first living cells under prebiotic conditions.21
Currently, most proposed prebiotically plausible membraneless compartments are polyelectrolyte-rich coacervate droplets formed by associative LLPS triggered by specific
interactions (such as electrostatics, cation–π interactions, dipole–dipole contacts as well as π–
π stacking22) of oppositely charged polymers. A unique advantage of coacervate droplet
formation as a prebiotic pathway of compartmentalization is its spontaneous assembly in dilute
solution. Coacervate droplets could help transition from prebiotically synthesized biopolymers
to fatty acid membranes encapsulated protocells.23-25 However, limitations still exist for
complex coacervates as prebiotic reactors, including that structure stability and functionality
of RNA could be largely inhibited due to the complex ion-pairing interactions between RNA
and polycations in coacervate droplets. For example, RNA polymerization has shown to be

inhibited in polyamines-containing coacervates,26 and the rate constant of RNA cleavage is 60fold slower inside complex coacervates than that in buffers.27 In contrast, similar RNA catalytic
reaction exhibits an increased rate of reaction by 70-fold through segregative phase separation
of polyethylene glycol (PEG)/dextran aqueous two-phase system (ATPS).28 It has also been
reported that nucleic acid duplexes can be destabilized inside complex coacervate droplets.29
Hence, a prebiotically plausible pathway for non-associative phase separation of two neutral
polymers would provide an important missing piece of the puzzles of the prebiotic
compartmentalization. However, the prebiotic pathway for emergence of non-associative phase
separation faces a major challenge to reach such high polymer concentrations in the dilute and
homogenous “primordial soup”.30
In the free energy landscape, non-associative phase separation occurs when the mixing
entropy is overcome by non-specific molecular interactions and thus polymer incompatibility
appears in the solution.31,32 Hence, to trigger non-associative phase separation in the dilute
solution, additional non-equilibrium settings (NES) must be introduced to enhance the nonspecific molecular interactions or reduce mixing entropy. NES has been widely applied in
prebiotic chemistry to maintain thermodynamically unfavored processes such as accumulation
of biomolecules.33-35 A very recent example is that, to mimic molecular evolution within porous
volcanic rocks on the early Earth, heated microbubbles were used as the reactors for assembly
and localization of prebiotic molecules.36 Nevertheless, how the non-associative phase
separation can be achieved under prebiotically plausible NES remains largely unexplored,
despite that segregative LLPS of ATPS has been hypothesized to play important roles in origins
of life chemistry. 28,30,37
Inspired by the widely introduced evaporation process in wet-dry cycling and prebiotically
plausible microdroplet reactors, here we report droplet evaporation-assisted non-associative
phase separation for prebiotic compartmentalization inside a sessile droplet of ATPS. By
formulating the LLPS mechanism under the NES, we show that the non-uniform evaporation
flux and initial composition of the sessile droplets determine the formation and evolution of
self-organized membraneless compartments. The evolution of phase-separated membraneless
compartments inside the aqueous sessile droplet looks and behaves similarly to intracellular
phase separation. Most importantly, the membraneless compartments formed in our model
system can serve as spatially functional reactors for the enrichment of informational molecules
and the flow of genetic information, validated by the in vitro transcription and enhanced
ribozyme activities. Our model can validate non-associative phase separation in moderate

conditions with no heating, cooling or osmotic shock needed. This simple yet robust system
can capture both the macromolecularly crowded interior environment and the non-equilibrium
features of extant cells. Hence, the model may be important for compartmentalization in early
molecular evolution.

Results
Non-associative phase separation inside the evaporating sessile droplet
A single-phase mixture of PEG and dextran, which has been extensively studied in our previous
work, 38-41 is prepared and used as the stock solution for non-associative phase separation. To
achieve the NES required for LLPS, a droplet extracted from the stock solution is pipetted onto
a glass slide and starts to evaporate. Similar scenarios with such NES, that aqueous sessile
droplets dispersed on the organophilic silica-rich surfaces, could be found ubiquitously on the
early Earth (Figure 1(a)), which is of essential significance for prebiotic polymerization of long
oligomers.42-44 Moreover, it has recently been demonstrated that the evaporation on wavewetted rocks near the carbonate-rich lakes would increase phosphate concentration to the molar
level, a critical concentration for laboratory prebiotic synthesis.45 Hence, by sharing similar
prebiotically plausible conditions mentioned above, we show that non-associative phase
separation for polymer self-organization and compartmentalization could also be achieved
through droplet evaporation (Figure 1(a)).
Figure 1(c) and (d) show the image sequence of phase separation and polymer selforganization within the evaporating sessile droplet. Initially, the sessile droplet exhibits a
homogeneous fluorescence intensity, indicating a single-phase mixture and a lack of
compartments inside the droplet. Over time, the green fluorescence domains gradually appear,
indicating the occurrence of phase separation and formation of the dextran-rich compartments.
With different initial concentrations of polymers dissolved in the droplet, there are two distinct
morphologies of self-organized patterns of polymer phase separation, as shown by the green
fluorescence profile inside the droplet. For a sessile droplet consisting of 5 wt% PEG and 10
wt% dextran (Regime 1, Figure 1(b1)), a lobe-shaped dextran-rich phase forms shortly after
the evaporation begins (Figure 1(c1) and (c2), Video S1). For the droplet consisting of 9 wt%
PEG and 4 wt% dextran (Regime 2, Figure 1(b2)), there is no such lobe-shaped area; instead
hundreds of dispersed dextran-rich droplets are formed (Figure 1(d1) and (d2), Video S2),
mainly due to the relatively lower initial concentration of dextran in this regime.

Figure 1. Evaporation-triggered segregative LLPS inside the all-aqueous sessile droplet. (a) Schematic
drawing of early genetic molecule compartmentalization inside the evaporating aqueous droplets. According to
timeline of the early history of life, the Pre-RNA world and RNA world may have occurred at 3.8-4.0 Gya,46 with
the first RNA polymers formed in warm little ponds. 47 (b) Phase diagrams of PEG and dextran mixtures; (c)
Phase-separated pattern evolution of regime 1, shown in bright field image sequence (c1) and fluorescence image
sequence (c2), respectively; (d) Phase-separated pattern evolution of regime 2, shown in bright field image
sequence (d1) and fluorescence image sequence (d2), respectively. The scale bar is 500 m.

Despite the distinct main LLPS patterns observed, the two regimes share many similar
characteristics during the entire droplet evaporation process. Just at the beginning of
evaporation, the sessile droplet is well mixed with a single-phase composition, as revealed by
the uniform single color at the bottom. After a few seconds, small dextran-rich compartments
with green fluorescence start to nucleate at the rim of the droplet. In regime 1, the dextran-rich
compartments coalesce quickly after nucleation, forming lobe-shaped domains of dextran-rich

phase (Figure 1(c2)). In regime 2, these small compartments remain as dispersed droplets
(Figure 1(d2)). During further evaporation, these nucleated dextran-rich compartments,
whether in the form of the lobe-shaped domains or small droplets, keep coarsening and growing,
while they are hydrodynamically advected to the middle of the sessile droplet. Eventually, the
dextran-rich phase covers the inner part of the sessile droplet until the evaporation process
stops.
In our model system, both dextran-rich and PEG-rich domains nucleate quickly at the rim of
the droplet due to phase separation. However, since PEG is more hydrophobic than dextran48
and can adsorb onto silica,49 the dextran-rich compartments, though with a higher density than
PEG-rich phase,38 are advected to the inner part by the fluid flow and PEG-rich compartments
stay outside the sessile droplet, as suggested by the SEM images of the deposits (SI Appendix,
Fig. S1).
Kinetic pathway of non-associative phase separation under the NES
As can be seen from the experimental results, under the NES of droplet evaporation, polymer
concentrations play an important role in determining LLPS patterns and their evolution (Figure
1(b)). We then test sessile droplets containing ATPS mixtures with different concentrations of
PEG and dextran. In all the test, polymers are dissolved with a concentration below the binodal
curve so that they are homogenously in a single phase before evaporation. The phase diagram
of evaporation induced LLPS patterns for these mixtures is then obtained (Figure 2b). In
general, for droplets with the concentration of dextran lower than 4 wt%, evaporation triggers
dispersed LLPS patterns (regime 2) when the concentration of PEG is more than two times
higher than that of dextran. For droplets with dextran concentration higher than 4 wt%, there
is a critical concentration of PEG (about 7 wt%) to determine LLPS regimes. We can observe
dispersed LLPS patterns (regime 2) when the concentration of PEG is higher than this value.
Otherwise, lobe-shaped LLPS patterns (regime 1) will appear. More importantly, as shown in
the phase diagram of LLPS patterns (Figure 2b), polymer self-organization can be triggered by
water evaporation with very little amount of PEG and dextran additives (about 1wt%), thus
providing a robust strategy for prebiotic compartmentalization.
The phase diagram indicates that initial polymer concentration is an important factor that
controls LLPS patterns (Figure 2 (a) and (b)). As a first qualitative understanding, water loss
due to evaporation will induce the increase of polymer concentrations inside the droplet, which
enhances non-specific molecular interactions and triggers polymer incompatibility. As a result,
phase-separated domains are nucleated inside the droplets and coalesce into PEG-/dextran-rich

phase-separated regions. The phase-separated regions start to appear at the rim of the sessile
droplet due to the higher local evaporation rate, and they evolve with further water loss to form
the LLPS patterns.
To obtain a quantitative analysis of the non-associative phase separation triggered by
evaporation, we calculate the evaporation rate of the droplet to obtain the change of polymer
concentrations, which determines kinetic pathway of phase separation. Evaporation induced
phase segregation inside the evaporating sessile droplet of a binary and ternary mixture, with
organic components involved, has been reported recently.50,51 For a sessile droplet of pure
liquid, its evaporation process is dominated by vapor diffusion from the liquid-air interface to
the surroundings. The analytical model of pure sessile droplet evaporation has been solved and
shown as an accurate description of the evaporation dynamics.52 In our model system, despite
the complex LLPS phenomena inside the evaporating droplet, the evaporation process is indeed
still governed by the vapor diffusion from droplet surface to surroundings, 50 so we adopt the
evaporation model for a pure sessile droplet to describe the water loss process in our
experiments. The mass change rate of an evaporating water droplet depends on the droplet
radius 𝑅, vapor diffusion coeffcient 𝐷, saturated vapor concentration 𝑛𝑠 , and ambient vapor
concertation 𝑛∞ , given by

dM
= − RD(ns − n ) f ( )
dt

where
f ( ) =

 1 + cosh 2
sin 
+ 4
tanh[( −  ) ]d
0
1 + cos
sinh 2 r

is the function of droplet contact angle 𝜃. To test this assumption, we measure the evaporation
rate of a pure water droplet and a droplet of the aqueous solution containing 10 wt% PEG and

5 wt% dextran (SI Appendix, Fig. S2 and S3). The rate of mass change of both sessile droplets
shows very good agreement and is consistent with the theoretical model, indicating that our
assumption is reasonable. Hence, we can estimate the non-uniform evaporation rate and flux
of the droplets in our experiments based on the evaporation model of a sessile droplet of pure
water.

Figure 2. (a) Schematic drawings for polymer self-organized patterns in regime 1 (a1) and regime 2 (a2), with
the definition of LLPS front in both regimes; (b) Phase diagram of evaporation-triggered polymer selforganization regimes inside the sessile droplet; (c) Kinetic pathway of LLPS in regime 1 (c1) and regime 2 (c2).
(d) The radius of LLPS front as a function of evaporation time; Insert: Schematic drawing of non-uniform
evaporation rate induced Marangoni effects.

LLPS begins at the rim of the sessile droplet because of the much higher evaporation flux
here than that in the middle part of the droplet, as suggested by the evaporation flux distribution
𝐽(𝑟) ∝ (𝑅0 − 𝑟)−0.5 , where 𝑅0 is the initial droplet radius and 𝑟 is the horizontal distance to

center of the sessile droplet.52 Due to the higher evaporation flux near the rim of the droplet (SI
Appendix, Fig. S4), concentrations of PEG and dextran rapidly increase and cross over the
binodal curve quickly, triggering LLPS and formation of phase-separated compartments. To
simplify the problem, we select a finite small area (∆𝑟 = 0.05𝑅0 ) near droplet edge as the

calculation domain and estimate the increase in the polymer concentration within this domain.
For both LLPS regimes demonstrated in Figure 1, phase-separated compartments are clearly
visible within a few seconds. Hence, to supplement the experimental findings and generalize
the understanding of LLPS, we estimate the kinetic pathway based on the polymer
concentration increase in the calculation domain with a time step (∆𝑡 = 5𝑠) . The detailed

calculation is given in the SI Appendix (SI Appendix, S2).

The calculated local polymer concentration increase induced by evaporation, and the
corresponding kinetic pathways of the two regimes are shown in Figure 2(c1) and (c2),

respectively. Initially, the single-phase mixtures are homogeneous without any phase-separated
compartments (𝐼0 and 𝐼0′ ). After 5 seconds of evaporation, the polymer concentrations increase

and surpass the binodal curve, triggering LLPS inside the calculation domains (𝐹0 and 𝐹0′ ). The

composition and mass fraction of separated phases, including PEG-rich ( 𝐹1 and 𝐹1′ ) and

dextran-rich (𝐹2 and 𝐹2′ ), are determined by the tie line in the phase diagram. For LLPS pattern
evolutions in regime 1, the ratio of mass fraction of dextran-rich phase to that of the PEG-rich

̅̅̅̅̅̅
̅̅̅̅̅̅
phase equals to the length ratio 𝐹
0 𝐹1 ⁄𝐹0 𝐹2 (≈ 1.1), suggesting that the dextran-rich phase and
the PEG-rich phase formed by the first LLPS in the calculation domain have similar mass

fractions. This allows the phase-separated dextran-rich compartments to coalesce quickly and
form the continuous lobe-shaped structures. For LLPS pattern evolutions in regime 2, the ratio
of mass fraction of dextran-rich phase to that of PEG-rich phase equals to the length ratio
̅̅̅̅̅̅
𝐹0′ 𝐹1′ ⁄̅̅̅̅̅̅
𝐹0′ 𝐹2′ (≈ 0.09), which means that the dextran-rich phase has a mass fraction over 10 times

less than that of the PEG-rich phase. The low mass fraction of the dextran-rich phase inhibits
the formation of the continuous lobe-shaped structures, but leads to the formation of dispersed
droplets instead. Further evaporation of the water solvent in the calculation domain enhances
the LLPS in the same manner (𝑆𝑖 and 𝑆𝑖′ , 𝑖 = 0,1,2.). From the kinetic pathway of phase

separation, we conclude that, besides the initial composition of the mixture, the compositional
change due to water loss also affects the dynamics of LLPS in the sessile droplet.
Marangoni stresses induced by the non-uniform evaporation flux.
From pattern evolutions of LLPS in both regimes, we observe that the phase-separated dextranrich compartments always move towards the center of the sessile droplet, rather than being
advected to droplet edge by outwards capillary flows, as in systems exhibiting the so-called
“coffee-ring effects”.53 To quantitatively understand the dynamics of phase-separated
compartments, we measure the displacement of the phase separation front (PSF) inside the
evaporating droplet, which is defined as the front of the phase-separated regions inside the
sessile droplets (Figure 2(a1) and (a2)). Figure 2(d) shows the radius of PSF, 𝑅2 , as a function

of evaporation time. For both LLPS regimes, 𝑅2 linearly decreases with the evaporation time,

which means that the displacement of PSF, 𝐿 = 𝑅 − 𝑅2 , has a scaling of 𝐿~𝑡. This is different

from the typical diffusion-dominated process, where the movement of different phases is driven
by the concentration gradient and 𝐿~𝑡1/2 is expected.54,55

We attribute this reverse “coffee-ring effects” to the Marangoni flow caused by the surface

tension gradient along the surface of the sessile droplet, as shown in the insert of Figure 2(d).
Our assumption is based on three facts: (i) during the evaporation process, the surface tension

force is dominant when compared to gravitational forces, as the Bond number 𝐵𝑜 =
𝜌𝑔𝑅 2 /𝛾 ≈ 0.1, where 𝑔 = 9.8 𝑚/𝑠 2 is gravity and 𝛾 = 64 𝑚𝑁/𝑚 is the surface tension

of the sessile droplet; (ii) the velocity of PSF is almost constant and calculated to be about 6
𝜇𝑚/𝑠 , in the same scale as that of Marangoni-driven fronts of thin spreading films;56 (iii) as a
water-soluble polymer, PEG is a surface-active agent capable of decreasing surface tension of

the solution (SI Appendix, Fig. S5), while an enlarged compositional gradient inside the droplet
appears immediately upon LLPS, just like the much more compositional differences between
𝐹2 (or 𝐹1 ) and 𝐼0 than that between 𝐹0 and 𝐼0 .

To estimate the Marangoni effects, we use the lubrication approximation57 to simplify the

model system. By balancing the capillary pressure and Marangoni stress (SI Appendix, S3), an
estimated surface tension difference Δ𝛾 ≈ 2 𝑚𝑁/𝑚 is sufficient to induce such an inward

Marangoni flow that is comparable to the outward capillary flow. Considering that in our model
system, Δ𝛾 ≈ 3.5 𝑚𝑁/𝑚 can be easily achieved due to the highly non-uniform evaporation
flux along the surface of the sessile droplet (SI Appendix, Fig. S5), we can conclude that in

both LLPS regimes, the Marangoni flow driven by the surface tension differences plays a
dominant role in the movement of phase-separated compartments inside the sessile droplet.
The evaporation of the sessile droplet allows us to further study the formation of the phaseseparated compartments from the microscopic perspective. The coarsening process of these
compartments is likely due to transport by the hydrodynamic flow (SI Appendix, Fig. S6A).
As shown by the SEM and confocal imaging (SI Appendix, Fig. S6(C) and (D)), the diameter
of the small nucleated droplets ranges from hundreds of nanometers to several microns,
corresponding to a volume on the order of attoliters. The size of these compartments formed
through LLPS is comparable to that of phase-separated organelles in the living cells. It is
difficult to make such small sized ATPS droplets by traditional droplet microfluidics
techniques.58 This provides great potential for various droplet-based bioinspired techniques in
our model system.59-62
Summarizing, our results present a robust NES for non-associative phase separation inside
a sessile droplet. Due to the highly non-uniform evaporation flux, phase separation is triggered
at the rim of the sessile droplet, exhibiting a self-organized pattern decided by both original
composition and the concentration change due to the water loss, as demonstrated by the kinetic
pathway of phase separation. Meanwhile, the emergence of phase separation can enlarge the
compositional gradient inside the droplet, triggering Marangoni flow that convects the phaseseparated compartments to the centre of the droplet.

Encapsulation of informational molecules through membraneless compartmentalization
Here we point out some common features of polymer self-organization and
compartmentalization in our model system with that of the intracellular LLPS:15 (i) They all
undergo a transition from a homogeneous state to a phase-separated state, and that only happens
above a threshold concentration of the components; (ii) they are both surrounded by the
aqueous

macromolecular-crowding

environment

and governed by

non-equilibrium

thermodynamics and (iii) the immiscible compartments formed by LLPS both exhibit
properties, such as round morphology, fusion by contact and wetting properties, that
characterize typical liquid structures. These similarities make it possible to bridge prebiotic
LLPS to protocells with subcellular membraneless compartments by using our model system.
The RNA world is a leading hypothesis for the origins of life.63 As RNA is a polymer capable
of both information storage and a functional catalyst, it is hypothesized to be intrinsic to the
origins of life. RNA can undergo associative LLPS via complex coacervation in the presence
of polycations, as it has a polyanionic backbone. Likewise, RNA building blocks NTPs can
undergo LLPS along with polyphosphate, which is hypothesized to be a primordial energy
molecule.64 Previous studies have shown that associative LLPS is capable of concentrating
such biomolecules, however the structural stability and functionality of highly-charged
biopolymers like DNA and RNA have been reported to be inhibited due to their complex
coacervation with polycations.26,29 Thus a non-associative phase separation model with
plausible prebiotic conditions is required, where biopolymers can be concentrated without the
loss of stability and functionality.
To explore the role of non-associative phase separation in biopolymer self-organization
and compartmentalization under a prebiotic environment, we firstly introduce DNA and RNA
separately into our model system. To monitor DNA localisation, a Cy-5 labelled (red
fluorescence) ssDNA sequence was used in combination with FITC-dextran (green
fluorescence) to label the dextran-rich phase. The DNA localized to the dextran-rich phase by
LLPS (Figure 3 and Video S3). This indicates that, with the functions of polymer selforganization and compartmentalization, our model system can provide a prebiotic strategy for
enrichment and encapsulation of biopolymers. Similarly, RNA localised in the dextran-rich
phase when introducing the fluorescent Broccoli RNA aptamer/DFHBI-T1 pair into the model
system (SI Appendix, Fig. S7 and Video S4). This is consistent with previous findings that
hydrophilic components like DNA and RNA partition into dextran-rich phase.28,37 For both of
the Cy-5 labelled DNA and the Broccoli RNA aptamer/DFHBI-1T, the ratio of the fluorescence
intensity of dextran-rich compartments (𝐼𝑑 ) to that of continous phase (𝐼𝑐 ), 𝐾 = 𝐼𝑑 /𝐼𝑐 , has a

more than two-order-of-magnitude increase after ~4 minutes of evaporation, indicating
effective enrichment through compartmentalization. The compartmentalization of DNA and

RNA provides a strategy to inhibit their thermal diffusion, thereby supporting chemical
reactions in the dilute primordial soup. This spontaneous compartmentalization and
concentration show a decrease in the entropic state of DNA and RNA.

Figure 3. DNA localizes into dextran-rich compartments inside the sessile droplet. DNA is labelled with Cy-5
(red) and dextran-rich compartments are labelled with FITC-dextran (green). The scale bar is 500 μm.

These DNA/RNA-containing dextran-rich liquid droplets can range from hundreds of
nanometers to several microns. Similar to intracellular membrane-less compartments
composed of RNA and proteins, the DNA/RNA-containing dextran-rich liquid droplets have
interfacial tension-directed movement and coarsening behaviours. This implies that polymer
self-organization and compartmentalization could have played a significant role in driving the
evolutionary engine of the first live cells under prebiotic conditions.
To demonstrate the advantages of maintaining functionality of nucleic acids through nonassociative phase separation, we perform in vitro transcription (IVT) inside our model system
(Figure 4). The sequence of confocal images shows high fluorescence in the dextran-rich
compartments due to RNA synthesis, while a lower signal was observed in the surrounding
PEG-rich phase. As the DNA partitions into the dextran-rich phase and there is no clear
fluorescence increase outside the compartments, we conclude that transcription exclusively
occurs in the phase-separated compartments. Hence, our model system can be regarded as the

reactor that simulates the flow of genetic information under prebiotic conditions, which could
have played a role in the evolution of informational polymers on the early Earth.

Figure 4. (a) The flow of genetic information in phase-separated compartments via in vitro transcription (IVT).
(b) Optical image sequence shows fluorescence RNA aptamer transcription from Broccoli DNA template inside
the phase-separated compartments. The DNA templates are coded for Broccoli aptamer that can bind 5-difluoro4-hydroxybenzylidene imidazolinone (DFHBI) to form a fluorescent complex of Broccoli–DFHBI. The scale bar
is 500 m.

Enhanced ribozyme cleavage by compartmentalization
According to the RNA world hypothesis, self-replicating RNA molecules underwent
evolution leading to the emergence of life.64,65 Various functions of catalytic RNA under
different prebiotic conditions have been demonstrated. In particular, it has been found that
water evaporation would have led to a viscous environment under model prebiotic conditions
and enhancing RNA replication and catalytic activities.66,67 We suggest that our model system
could provide a prebiotic strategy for the concentration of catalytic RNAs and promoting their
functionality. To prove this argument, we performed an RNA substrate cleavage reaction using
a hammerhead ribozyme68 in the evaporating ATPS droplet. The substrate (HHS) is labelled
terminally with a FAM fluorophore and a TAMRA FRET pair quencher. Under the catalysis
of the hammerhead ribozyme (HHR), the substrate is cleaved into two pieces and emits
fluorescence (Figure 5(a) and SI Appendix, Fig. S8). This fluorescence activation substrate

system was used to visualize the ribozyme cleavage reaction in real time. Figure 5(b) shows
the image sequence of an evaporating sessile droplet with a volume of 5 L after HHS and
HHE are introduced. We can observe that catalysis occurring in fluorescent dextran-rich
compartments is moving towards the center of the sessile droplet during evaporation, showing
increased compartmentalization. To further prove the RNA catalysis occurs during the
evaporation process, two control groups were used, “no ribozyme” and “no ATPS”. For the
“no ribozyme” control group where there is only HHS added without any HHR (SI Appendix,
Fig. S9), we can also observe fluorescent domains in the evaporating droplet (Figure 5(c))
albeit with a lower relative fluorescence level. The pattern formed in this control group differs
from the experimental group in that most of the fluorescent dextran-rich regions stay at the rim
of the droplet (Figure 5(c)). For the “no ATPS” control group, both the fluorophore-labelled
substrate and enzyme strand were introduced into the solution without the reagents required
for ATPS (SI Appendix, Fig. S10). The results of “no ATPS” control group present much lower
ribozyme cleavage activity (SI Appendix, Fig. S11), indicating the unique contributions of
compartmentalization via non-associative phase separation in prebiotic chemistry.
To quantify the fluorescence levels of sessile droplets over time, we take the flattened y-axis
intensity signal within the dashed red rectangle (Figure 5(b) and (c)). This provides the spatial
evolution over time of the fluorescent areas in the evaporating droplet, as shown in Figure 5(d).
We can see that for the experimental group, the intensity is increasing over time, with the peak
of the signal moving towards the center. This is in contrast to the no ribozyme control group in
which the intensity is much lower and the fluorescence signal localizes at the edge of the sessile
droplets. Additionally, the no ATPS control group shows no compartmentalization and lower
fluorescence (Figure 5(d)). These distinct differences not only suggest that the ribozyme
cleavage reaction proceeds successfully in our model system, but that the reaction rate is
increased by over 3 times (SI Appendix, Fig. S11). Taken together with the huge advantages
in scalability of our model system, we conclude that this compartmentalization through nonassociative LLPS would have significant impacts in accelerations of RNA self-replications
under prebiotic conditions.
To illustrate the universal plausibility of our model system to support RNA catalysis
reactions, we tested another RNA ribozyme, X-motif,65 inside the evaporating sessile droplet
(SI Appendix, Fig. S12). Similar cleavage reaction is achieved by evaporation induced nonassociative phase separation and compartmentalization, identifying the advantages of our

model system in maintaining the stability and enhancing the functionality of catalytic
biopolymers.

Figure 5. (a) Schematic drawing of the RNA cleavage reaction. The fluorophore labelled hammerhead substrate
(HHS) is cut into two smaller pieces by the hammerhead ribozyme (HHE) and emits fluorescence. (b) Image
sequence shows RNA cleavage process inside the phase-separated compartments. (c) Control group of the RNA
cleavage reaction without HHE. There is only fluorophore labelled substrate added into the droplets. (d)
Fluorescence intensity evolution of experimental group (solid line), no ribozyme control group (dashed line) as
well as no ATPS control group (dash-dotted line). The intensity value is obtained by gel analysis of a specified
rectangular area (as shown in (b) and (c)) in the fluorescence images. The scale bar is 1 mm.

Discussion
In summary, we have presented a prebiotically plausible strategy for segregative LLPS within
an evaporating sessile droplet, triggered by the NES of droplet evaporation. We quantitatively
characterized the pathways of LLPS that determine the phase separation patterns. The surface
tension differences induced by non-uniform evaporation flux drive the movement of LLPS
front and the dynamics of nucleated compartments. Biopolymers selectively localized to the
dextran-rich compartments inside the sessile droplet. We demonstrated this localization using
fluorescently labelled DNA. Furthermore, we monitored the flow of genetic information in
phase-separated compartments via in vitro transcription and Broccoli/DFHBI fluorescent
signal. The localization and activity of ribozymes in the dextran-rich compartments inside the
sessile droplet were observed. Ribozyme activity in the sessile droplets was enhanced over 3fold. The enhanced activity may be due to the increased relative concentration of the substrate

in the dextran-rich compartments. Segregative LLPS may have been an important mechanism
for compartmentalization early in molecular evolution.

Methods
Chemicals and Solutions. The sessile droplet consisted of poly(ethylene glycol) (PEG, 𝑀𝑤 =

8000, Sigma-Aldrich) and dextran (𝑀𝑤 = 10000, Aladin) aqueous mixture.The two polymers
were dissolved in Milli-Q water. To assist fluorescent imaging, 0.01 mg/mL fluorescein

isothiocyanate-dextran (4 kg/mol, Sigma-Aldrich) and 1 mg/mL Rhodamine B (>95% (HPLC),
Sigma-Aldrich) were added to the mixture. The excitation wavelength was 543 nm. The
emission was collected from 570 to 660 nm.
Experimental Setup. A 0.5 L droplet was pipetted on a transparent microscope glass surface
under room conditions (Temperature=22 ℃, Humidity=55%-65%). The contact angle of the
droplet varied between 45° and 25°during the whole evaporation process, measured by brightfield imaging (Nikon) from the side view. The microscope glass slides (ISOLAB GmbH) were
used as solid substrates for the sessile droplets. The glass slides were firstly wiped by ethanol
wetted tissue to mechanically get rid of contaminants on the surfaces. Then the slides were
sonicated in ethanol for 15min, followed by successively washing with isopropyl alcohol and
Milli-Q water, to remove organic contaminants on the surfaces. Then we dried the slides by
nitrogen flow and put them into oven (65 ℃) for 1 hour.
Microscope Observations. The bright field images were captured by a high-speed camera
(Phantom V9.1, FASTCAM SA4, Photron) coupled with an inverted microscope (Motic
AE2000). The fluorescence images were captured by a Nikon Ti2-E Widefield microscopy.
The captured images are processed using ImageJ (NIH) software. Droplet deposits after fully
drying on the silica wafer were sputtered with gold before imaging under scanning electron
microscope (Hitachi S3400N VP, 20.0 kV).
BrocT RNA Aptamer Preparation. In vitro transcription (IVT) mixture (AS3107, Lucigen)
was assembled containing 1 × transcription buffer, NTPs, DTT, T7 RNA polymerase mix, 50
nM BroccoliT DNA template and 200 μM DFHBI-1T. The transcription mix was incubated at
37 ℃ for 1 hour to allow transcription of BroccoliT RNA. The ATPS solution is made up of 9
wt% PEG and 4 wt% dextran. The transcription product containing BroccoliT RNA aptamers
was then added to the ATPS solution with the volume ratio of 1:10. A 0.5 μL droplet of the
mixture was pipetted on the glass substrate for evaporation and imaging.

In vitro Transcription. In vitro transcription (IVT) mixture (AS3107, Lucigen) was assembled
containing 1 × transcription buffer, NTPs, DTT, T7 RNA polymerase mix and 200 μM DFHBI1T. The ATPS solution is made up of 11 wt% PEG and 2 wt% dextran. Then the transcription
mixture and 50 nM BroccoliT DNA template solution were added into the ATPS solution with
the volume ratio of 1:1:10. A 5 μL droplet of the mixture was pipetted on the glass substrate
for evaporation and imaging.
Ribozyme Cleavage Reaction. Both hammerhead ribozyme and X-motif ribozyme are used
for the cleavage reaction inside the evaporating droplet. The ATPS solution is made up of 11
wt% PEG and 2 wt% dextran. In vitro transcription (IVT) mixture (AS3107, Lucigen) was
assembled containing 1 × transcription buffer, NTPs, DTT, T7 RNA polymerase and 50 nM
ribozyme DNA template. The transcription mix was incubated at 37 ℃ for 1 hour to allow
transcription of ribozyme RNA. The final mixture is prepared by adding 1 μL of ribozyme
substrate (10 μM) and 1 μL of ribozyme RNA transcription product into 38 μL ATPS solution.
The ribozyme reaction is started by pipetting a 5 μL droplet of the final mixture on the glass
substrate.
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Figures

Figure 1
Evaporation-triggered segregative LLPS inside the all-aqueous sessile droplet. (a) Schematic drawing of
early genetic molecule compartmentalization inside the evaporating aqueous droplets. According to
timeline of the early history of life, the Pre-RNA world and RNA world may have occurred at 3.8-4.0 Gya,46
with the rst RNA polymers formed in warm little ponds.47 (b) Phase diagrams of PEG and dextran
mixtures; (c) Phase-separated pattern evolution of regime 1, shown in bright eld image sequence (c1)
and uorescence image sequence (c2), respectively; (d) Phase-separated pattern evolution of regime 2,
shown in bright eld image sequence (d1) and uorescence image sequence (d2), respectively. The scale
bar is 500 m.

Figure 2
(a) Schematic drawings for polymer self-organized patterns in regime 1 (a1) and regime 2 (a2), with the
de nition of LLPS front in both regimes; (b) Phase diagram of evaporation-triggered polymer selforganization regimes inside the sessile droplet; (c) Kinetic pathway of LLPS in regime 1 (c1) and regime 2
(c2). (d) The radius of LLPS front as a function of evaporation time; Insert: Schematic drawing of nonuniform evaporation rate induced Marangoni effects.

Figure 3
DNA localizes into dextran-rich compartments inside the sessile droplet. DNA is labelled with Cy-5 (red)
and dextran-rich compartments are labelled with FITC-dextran (green). The scale bar is 500 μm.

Figure 4

(a) The ow of genetic information in phase-separated compartments via in vitro transcription (IVT). (b)
Optical image sequence shows uorescence RNA aptamer transcription from Broccoli DNA template
inside the phase-separated compartments. The DNA templates are coded for Broccoli aptamer that can
bind 5-di uoro-4-hydroxybenzylidene imidazolinone (DFHBI) to form a uorescent complex of Broccoli–
DFHBI. The scale bar is 500 m.

Figure 5
(a) Schematic drawing of the RNA cleavage reaction. The uorophore labelled hammerhead substrate
(HHS) is cut into two smaller pieces by the hammerhead ribozyme (HHE) and emits uorescence. (b)
Image sequence shows RNA cleavage process inside the phase-separated compartments. (c) Control
group of the RNA cleavage reaction without HHE. There is only uorophore labelled substrate added into
the droplets. (d) Fluorescence intensity evolution of experimental group (solid line), no ribozyme control
group (dashed line) as well as no ATPS control group (dash-dotted line). The intensity value is obtained
by gel analysis of a speci ed rectangular area (as shown in (b) and (c)) in the uorescence images. The
scale bar is 1 mm.
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