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ABSTRACT: In exploring the genesis of life, liquid−liquid phase-separated
coacervate droplets have been proposed as primitive protocells. Within the
hydrothermal hypothesis, these droplets would emerge from molecule-rich hot
fluids and thus be subjected to temperature gradients. Investigating their
thermophoretic behavior can provide insights into protocell footprints in
thermal landscapes, advancing our understanding of life’s origins. Here, we
report the thermophilic behavior of heat-dissociative droplets, contrary to the
intuition that heat-associative condensates would prefer hotter areas. This
aspect implies the preferential presence of heat-dissociative primordial
condensates near hydrothermal environments, facilitating molecular incorpo-
ration and biochemical syntheses. Additionally, our investigations reveal
similarities between thermophoretic and electrophoretic motions, dictated by
molecular redistribution within droplets due to their fluid nature, which
necessitates revising current electrophoresis frameworks for surface charge characterization. Our study elucidates how coacervate
droplets navigate thermal and electric fields, reveals their thermal-landscape-dependent molecular characteristics, and bridges
foundational theories of early life: the hydrothermal and condensate-as-protocell hypotheses.
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R ecent evidence has indicated that liquid−liquid phase
separation (LLPS) plays a crucial role in forming

membrane-less subcellular organelles and is involved in cellular
processes.1−3 Unlike typical liquid-in-liquid systems, which are
separated by surface-active materials, such as surfactants and
lipids, a homogeneous aqueous solution of macromolecules
can undergo LLPS. This results in a discrete solute-rich phase
(i.e., coacervate droplets or condensates) within a dilute
solution when the solute concentration exceeds a critical point.
The simplicity of this phase behavior, coupled with its ability
to spatially localize and selectively accommodate molecules for
biochemical synthesis,4−9 has suggested that LLPS-driven
droplets could be a primitive form of protocells in the early
emergence of life, from which the evolution to organized and
functional entities would initiate. The primary mechanism
behind LLPS is multivalent molecular interactions through
which molecules form an entangled network, creating a
relatively hydrophobic core. One of the key parameters that
influences LLPS is temperature. Many biomolecular con-
densates exhibit a heat-dissociative characteristic, featured by
an upper critical solution temperature (UCST) above which
droplets dissolve back into a homogeneous solution, due to
underlying thermally dissociative interactions such as electro-
static and hydrogen bonding.3,10 Some exceptions have been
found that coacervates based on nucleotide−multivalent ion
and hydrophobic interactions exhibit a lower critical solution
temperature (LCST).3,11 Moreover, the coacervate phase
remains metastable before transforming into more solid-like

condensates1,3,12 and is unstable in the case of droplets formed
from loosely interacting molecules (e.g., short-chain sca7old
molecules13−15).
The origin of life has long been believed to be from

hydrothermal environments in the deep ocean.16,17 These
environments are characterized by high temperatures,
pressures, and molecular concentrations, conditions under
which simple molecules engage in activity-driven chemical
reactions that produce prebiotic molecules and polymers.16−19

The hydrothermal environments are inherently accompanied
by temperature gradients. The temperature of the water stream
from deep-sea hydrothermal vents ranges from 60 to >400 °C.
When the LLPS-driven molecular condensation is aligned with
the hydrothermal hypothesis, earlier condensates would be
formed in molecule-rich hot liquids and exposed to temper-
ature gradients. At first glance, one might expect that heat-
associative condensates favorably exist in hydrothermal
environments. However, primitive molecular condensates,
likely composed of short and simple molecules, might have
loosely bound networks and heat-dissociative properties. In
this context, delving into the thermophoretic actions of heat-
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responsive condensates could o7er a glimpse into protocells’
possible trajectories across thermal environments, enriching
our comprehension of life’s beginnings and governing
principles.
While the core region of coacervate droplets has been

extensively studied, the interface between the dilute and dense
phases remains somewhat elusive,20−22 despite observations of
interfacial phenomena�such as the localization of molecules,
liposomes, and bacteria,21,23−26 along with interfacial flow-
driven LLPS dynamics27−29�highlighting its significance in
understanding the behavior of coacervate droplets.12,30 One of
the commonly investigated interfacial properties is the surface
charge of droplets, derived from the zeta potential measured by
electrophoresis (primarily through dynamic light scattering
methods), because the sign and magnitude of the surface
charge can reflect the molecular arrangement at the inter-
face.22,30−36 Although the fusion dynamics of some biological
condensates has aligned with their zeta potentials,34 a
controversial observation has been reported for the relation-
ship between colloidal stability and zeta potential: higher
stability at lower zeta potentials.33 This discrepancy may stem
from the presumption that droplets are solid colloidal particles
when zeta potentials are derived. The fluid nature of droplets
implies that charge-carrying components can migrate under an
external electric field, potentially inducing charge and

composition gradients within and surrounding the droplets,
thus a7ecting their electrophoretic properties.15,37 Therefore,
revisions in the current electrophoresis methodology are
required for a better understanding of the molecular nature
of coacervate droplets.
In this study, we explore the behavior of heat-responsive

coacervate droplets under a local temperature gradient. We
reveal that heat-dissociative coacervate droplets actively
navigate through temperature gradients, demonstrating a
distinct thermophilic nature. This attribute underscores its
potential significance in the origins of life, especially in the
cellular evolution of primitive structures, as it indicates a
natural a?nity of heat-dissociative primordial condensates for
warm, nutrient-dense locales where the probability of further
molecule assimilation and reaction significantly increases. In
addition, we present the critical role of molecular reallocation
within the droplets in interpreting their thermophoretic and
electrophoretic motions, prompting a revision of current
analytical frameworks for electrophoresis involving the surface
charge characterization of coacervate droplets. By delineating a
pathway for coacervate droplets and underlying molecular
characteristics within thermal fields, our work fosters a
connection between two fundamental theories proposed for
the separate stages of life emergence, i.e., the hydrothermal

Figure 1. Thermophilic behavior of heat-dissociative coacervate droplets. (a) Schematic illustration of droplet motion under an optically generated
temperature field (532 nm laser) and electrostatically complexed droplet. (b) Microscopic images of a droplet trapped by a laser (0.51 mW). (c)
Temporal evolution of a thermally trapped droplet under continuous exposure to the laser (0.51 mW; scale bars: 10 μm).
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hypothesis for prebiotic synthesis and the condensate-as-
protocell hypothesis for cellular evolution.
Among various coacervate systems, we selected a binary

charge-complexed coacervate model consisting of poly-L-lysine
(PLL) and adenosine triphosphate (ATP) for its soft and heat-
dissociative characteristics13,15,22,38 (Table S1 and Figure S1).
This system exhibits UCSTs that vary with salt concentrations,
displaying a lower UCST for higher salt concentrations.15 The
coacervate sample was prepared at 5 mM PLL (on a monomer
basis), 5 mM ATP, and 200 mM NaCl in HEPES bu7er (see
Methods). The total sample volume of 4 mL yielded 15 μL of a
coacervate phase (Figure S2), and the concentration of PLL
(monomer basis) and ATP in the coacervate phase was 1.333
and 0.213 M, respectively. The water content of the coacervate
phase was measured as 76 wt % by freeze-drying the separated
coacervate phase. As depicted in Figure 1a, a microscale
temperature gradient is generated by focusing a continuous
wave (CW) laser on a plasmonic substrate (see Figure S3 for
substrate preparation and structural and optical character-
izations) using an objective lens with a numerical aperture
(NA) of 0.5 (Figure S4). Upon laser illumination on a sample-
loaded substrate, dispersed coacervate droplets drift toward
and are trapped at the beam center (Figure 1b and Movie S1).
It was also observed that a trapped droplet could be
transported by moving the sample stage relative to the laser
beam (Movie S1). With continuous laser illumination, a
trapped droplet grows by successively merging with multiple
droplets attracted to the beam (Figure 1c and Movie S2). The
thermally trapped droplet remained trapped for several hours
(Figure S5), despite the colloidal instability of the PLL-ATP

droplets (Figures S6 and S7). The drift speed of the droplets
did not show a size dependence (Figure S8), unlike the size-
dependent speed of coacervate droplets under an electric
field.33,39 Interestingly, under the optothermal temperature
gradient, polydiallyldimethylammonium (PDDA)-ATP coac-
ervate droplets were repelled (Movie S3). The PDDA-ATP
system is known to be relatively heat-resistant, stable up to 85
°C.35 Given that the laser was used to generate heat, we also
experimented with optical trapping to assess its contribution to
the motion of the droplets. When PLL-ATP droplets were
exposed to the same laser without the plasmonic substrate, no
optical trapping of the droplets was observed (Movie S4),
which was attributed to the loosely focused laser beam with the
low-NA objective lens. Consequently, we ruled out the optical
trapping e7ect, confirming that the movement of the droplets
is predominantly governed by the thermal gradient.
Figure 2a shows the drift speeds of droplets at varying laser

powers. With an increase in laser power, higher speeds were
observed, indicating that the thermal gradient acts as the
driving force behind the motion of the droplets. At laser
powers below 0.22 mW, the thermophoretic motion of
droplets was unobservable due to a weak driving force
insu?cient to overcome Brownian motion. Additionally, a
portion of trapped droplets dissolved at the beam center when
using laser powers above 1.15 mW (Figure S9), suggesting the
heat-dissociative nature of the droplets. The temperature
profile was measured as axisymmetric about the beam center
(Figure 2b), with the maximum temperature, Tmax, ranging
from around 28 to 38 °C (Figure 2c). The in-plane
temperature gradient, ∇Tr, has its negative maximum at 2

Figure 2. Optical power-dependent thermophoretic and thermal characteristics. (a) Drift speed of coacervate droplets at varying laser powers. The
boxes indicate the upper and lower quartiles with the median (center line), and the whiskers indicate the 1.5 interquartile range (IQR) (n = 25,
cross symbols: outliers). p-Values are statistically significant according to Student’s t-test; *p < 0.05. The blue scatter plots show mean ± standard
deviation (SD) without outliers. (b) Temperature map of a plasmonic substrate at 0.83 mW laser power. (c) Temperature and (d) in-plane
temperature gradient profiles measured at varying laser powers. The in-plane temperature gradient is defined as ∂T/∂r, where r is the distance from
the beam center. (e) Maximum temperature and maximum negative temperature gradient with respect to laser power (solid lines: linear fit, R2 >
0.95). (f) Drift speed as a function of maximum temperature gradient (solid line: linear fit, R2 > 0.95).
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μm from the beam center (Figure 2d). The negative sign
corresponds to the temperature gradient directed toward the
beam center. Tmax and −∇Tr were found to be proportional to
the laser power (Figure 2e), given the fixed beam geometry.
The thermophoretic drift velocity can be expressed as uth =
−DT∇T, where DT is the thermodi7usion coe?cient. DT was
derived as 1.4 × 10−11 m2 K−1 s−1 using the maximum ∇Tr

(Figure 2f), which is an order of magnitude higher than that of
solid microparticles.40 This di7erence implies the existence of
an additional driving force that arises from the liquid-like
nature of the droplets.
The ionic strength in this system works against LLPS by

screening the charge complexation between polycations and
polyanions,13,15,35 thus weakening the structural rigidity of the
droplets. LLPS is halted above a critical salt concentration
threshold (0.25 M NaCl). As the concentration of NaCl
increases, a linear increase in drift speeds was observed (Figure
3a). Thus, the thermodi7usion coe?cient of this system, DT, is
a function of ionic strength, with a proportionality constant of
1.0 × 10−7 m5 s−1 K−1 mol−1. Notably, at concentrations below
0.15 M NaCl, droplets were drawn toward the beam but
adhered to the substrate before reaching the beam center
(Movie S5). At 0 M added NaCl, numerous droplets
immediately wetted the substrate in an irregular shape (Figure
S10), implying an increased density and viscosity resulting
from the intensified electrostatic interaction between PLL and
ATP.13,41 This observation is consistent with the relatively

heat-resistant characteristic of the system.15 Under these
conditions, the remaining colloidal droplets were not able to
be capped by the optothermal field (Movie S5).
To decipher the thermophoretic motion in relation to the

behavior of the charged constituents, electrophoretic studies
were conducted. Traditionally, surface charge characterization
for coacervate droplets relies on zeta potential measurements
via electrophoresis, assuming that the droplets behave as solid
colloidal particles. Reported zeta potentials show considerable
variation (4−60 mV in absolute values), which have been
employed to describe the sign and extent of the surface charge.
However, inconsistencies arise when correlating the zeta
potential with the colloidal stability.33 Our measurements
also revealed such inconsistencies. Briefly, the zeta potentials of
the PLL-ATP droplets at 0 and 0.2 M NaCl were −5 and +80
mV, respectively, under the Smoluschowski approximation.
Typically, at higher salt concentrations, ions screen the surface
charge of a colloidal object, reducing the zeta potential by
shrinking the Debye layer. This observation sharply contrasts
with our measured zeta potential values. The Smoluchowski or
Huckel approximation, used to convert electrical responses
into zeta potentials for rigid particles, fails for liquid colloids
where internal molecules and charges are mobile.37,39,42,43 In
addition to the electrostatic e7ect exerted by the applied
electric field, the rearrangement of charged species in a liquid
and the concomitant redistribution of ions in the electrical
double layer lead to a retarding force called electroosmosis.

Figure 3. Composition-dependent thermophoretic and electrophoretic properties. (a) Thermophoretic drift speed of PLL-ATP droplets at varying
NaCl concentrations (laser power: 0.51 mW). The boxes indicate the upper and lower quartiles with the median (center line), and the whiskers
indicate the 1.5 interquartile range (IQR) (n = 25, cross symbols: outliers). p-Values are statistically significant according to Student’s t-test; *p <
0.05, except **p = 0.059. The blue scatter plots show mean ± SD without outliers, and the blue line indicates a linear fit (R2 > 0.95). (b)
Temperature-dependent electrophoretic mobility of droplets at varying NaCl concentrations (mean ± SD, n = 5). (c) ATP concentration,
[ATP]coac, and charge ratio in the coacervate phase at varying total ATP concentrations, [ATP]total (mean ± SD, n = 3). (d) Electrophoretic
mobility of droplets at varying ATP concentrations (mean ± SD, n = 5).
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Furthermore, the redistribution of droplet components induces
composition variation along the droplet−liquid interface,
which generates a Marangoni flow along the interface. Due
to this complexity, the zeta potential characterization under the
solid-particle approximation (i.e., assuming fixed surface charge
and electrostatic force) does not accurately reflect the e7ective
surface charge of droplets.
However, the electrophoretic measurement still provides

important information, namely, electrophoretic mobility, which
is defined as the electrophoretic velocity relative to the applied
electric field. These raw data, before being converted to the
zeta potential, essentially reflect how fast and in what direction
colloidal objects move under the electric field due to all the
above-mentioned e7ects. Our observations showed distinct
trends in electrophoretic mobility with ionic strength. As
shown in Figure 3b, the electrophoretic mobility demonstrates
a clear trend of increasing with higher NaCl concentrations.
Thermophilic droplets prepared at higher NaCl concentrations
exhibit relatively high mobilities (e.g., 3−8 μm·cm V−1 s−1 for
0.2 M NaCl) that escalate with the temperature. The positive
mobility values indicate movement toward the negative
electrode (cathode in electrophoresis). It is observed that the
mobility trend reverses at 40 and 35 °C for 0.22 and 0.24 M
NaCl, respectively, a phenomenon linked to the critical
temperature shifting to lower values at elevated salt
concentrations.15 In contrast, at 0 M NaCl, droplets show a
negative mobility of −0.5 μm·cm V−1 s−1, una7ected by
temperature changes. Indeed, there is a similarity between the
electrophoretic and thermophoretic behaviors, with more
thermophilic droplets being more electrically responsive. This
analogy suggests common underlying dynamics between the
electrophoresis and thermophoresis of droplets.
In the electrophoresis of liquid particles, the Marangoni

e7ect can be either parallel or antiparallel to electrostatic
motion induced by an applied electric field, while electro-
osmosis always counteracts electrostatic motion. Given that the
electroosmotic force (induced) cannot exceed the electrostatic
force (applied), as well as the sign inversion of electrophoretic
mobility between 0 and 0.2 M NaCl samples, the Marangoni
e7ect is the only plausible dominant driving force. We assumed
that variation in the net charge of droplets across di7erent
ionic strengths is negligible, given the same concentrations of
PLL and ATP. To modify the net charge of droplets, the
concentration of ATP was adjusted while the PLL concen-
tration was kept constant (5 mM, monomer basis). The ATP
concentration within the coacervate phase was determined
using UV−vis spectroscopy (see Methods and Figure S2), and
the positive-to-negative charge ratio was calculated. Figure 3c
illustrates the ATP concentration in the coacervate phase,
[ATP]coac, and the coacervate charge ratio with respect to the
total ATP concentration, [ATP]total. [ATP]coac increases as
[ATP]total rises, and consequently, the positive-to-negative
charge ratio of the coacervate phase diminishes with increasing
[ATP]total, reversing the net charge of the coacervate phase
from positive to negative when [ATP]total reaches 10−20 mM.
Across all tested ATP concentrations, the turbidity of the
samples rapidly declines over time (see Methods and Figure
S7), demonstrating the unstable nature of these droplets
regardless of their net charge.
At higher ATP concentrations, reduced electrophoretic

mobilities and increased thermophoretic mobilities were
observed (Figure 3d and Figure S11, respectively), implying
the presence of the Marangoni e7ect. Droplets acquire more

negative charges with ATP, enhancing electrostatic responses
toward the cathode during electrophoresis (negative mobility).
As a result, the positive electrophoretic mobility decreases with
increasing ATP concentrations from 4.5 to 0.3 μm·cm V−1 s−1;
however, the sign of electrophoretic mobility does not shift to
negative values. In other words, even the droplets with negative
net charges (i.e., at 20−40 mM ATP) continue moving toward
the negative electrode. This movement suggests that the
Marangoni e7ect influences the droplets, propelling them
toward the cathode while being compensated by the
counteracting electrostatic e7ect of increasing negative charge
content. Taking the factors together, the electrophoretic
motion of droplets at low and high salt concentrations is
illustrated in Figure 4. In the presence of Na+ and Cl−, the
interaction between ATP and PLL is weakened, allowing the
polyelectrolytes within droplets to be relatively mobile and
separated within a droplet by an applied electric field. From the
signs of electrophoretic mobility, this charge separation lowers
the interfacial tension in PLL-rich areas and increases it in
ATP-rich areas, generating Marangoni flow that drives the
droplet toward the cathode. Without Na+ and Cl−,
polyelectrolytes remain tightly entangled, resulting in electrical
unresponsiveness due to less profound charge separation. The
influence of NaCl on the PLL−ATP interaction is further
evidenced by turbidity measurements, showing that turbidity
drops at higher NaCl concentrations (see the Methods and
Figure S7). This decrease suggests that coacervation is
inhibited at high salt concentrations.15 For heat-resistant
PDDA-ATP droplets, which exhibit thermophobic motion
(Movie S3), the electrophoretic mobility remained relatively
unchanged across temperatures (Figure S12), attributable to a
rigid PDDA-ATP network.
Leveraging insights from electrophoresis, we interpreted the

thermophoretic motion of the droplets. Typically, the
interfacial tension between coacervate droplets and the
solution ranges from 0.1−100 μN/m38 and approaches zero
near critical points2,44,45 such as the critical polyelectrolyte
concentration, critical solution temperature, and critical salt
concentration. Since the PLL-ATP system exhibits a UCST
characteristic, the interfacial tension diminishes in high-
temperature regions (Note S1), resulting in Marangoni flow.
This e7ect is illustrated in Figure 4a, which shows a simulated
cross-sectional flow profile for a single PLL-ATP droplet in a
0.2 M NaCl solution under an optically generated thermal field
(see Note S1 and Figure S13 for simulation details). The
temperature-driven interfacial tension gradient along the
droplet surface generates a slip velocity field around the
droplet (cf. significantly weak internal flow due to the higher
viscosity of the droplet), leading to the drag of the droplet
toward the hot spot at the origin.46−49 The net drift speed of
the droplet was calculated as 2.3 μm s−1 by averaging the
tangential flow velocities along the interface, which is lower
than the thermophoretic speed of 17 μm s−1 (Figure 2a, at 0.51
mW). This discrepancy implies the existence of additional
mechanisms that promote the motion of the droplet, which we
inferred from the thermophoretic properties of the molecules.
It was noted that the flow speed driven by natural convection is
negligible compared to that of the Marangoni flow (Figure
S14).
Molecules migrate under a temperature gradient, with the

degree and direction of migration influenced by factors such as
molecular size, chemical structure, and conformation.18,50,51

Although the underlying mechanism of molecular thermal
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migration is not fully understood, the thermophoretic
properties of molecules can be characterized by the Soret
coe?cient (ST). The ST of PLL was calculated to be 3.5 × 10−3

K−1 (Note S2), indicating thermophobic migration due to the
positive ST. The ST of ATP was estimated as 2.0 × 10−2 K−1,
based on the molecular weight-dependent ST for single-
stranded RNA, which is significantly higher than PLL’s ST.
This suggests that a temperature gradient induces separation

between PLL and ATP, with ATP migrating further from the
hot region, resulting in an ATP-rich cold side and an ATP-
depleted hot side (similar to the electrophoretic redistribution
that drives the droplet toward the cathode, Figure 4b,c).
As in the interpretation for electrophoresis, the spatial

redistribution of polyelectrolytes appears to be critical to
droplet thermophoresis, with ion shielding at higher salt
concentrations facilitating the more pronounced thermal
migration of polyelectrolytes. Literature on temperature- and
salt-dependent LLPS of charge-complexed coacervates in-
dicates that stronger network interactions between polyelec-
trolytes form more solid-like, viscous, and thermally stable
droplets.13,15,35,52 From the compositional variation in both
electrophoresis and thermophoresis, it can be inferred that the
ATP-depleted condition lowers the interfacial tension
compared to the ATP-enriched condition. Since high
polyelectrolyte concentrations are a prerequisite for LLPS,13

the depletion of ATP in the hot region shifts the local
equilibrium toward a single solution phase, reducing interfacial
tension and generating interfacial flows that drive thermophilic
motion. This e7ect becomes more pronounced at high salt
concentrations (Figure 4b,c). Further evidence comes from
ATP concentration-dependent thermophoresis experiments
(Figure S11), where the thermophoretic drift speed increased
with the ATP concentration. No thermal motion was observed
at the lowest concentration (2.5 mM), below which LLPS did
not occur. As ATP has a higher ST than that of PLL, its motion
predominantly influences the compositional variation. Con-
sequently, increased concentrations of ATP within a droplet
create larger compositional and interfacial tension gradients,
promoting a stronger Marangoni flow.
To demonstrate the e7ect of the composition gradient on

the thermophoretic speed, fluid dynamics was simulated with a
modified model. The thermophoretic motion in our system
strongly relies on Marangoni flow, which is proportional to the
interfacial tension gradient along the surface of the droplet.
The interfacial tension can be described as γ = γ0 + ΔγT + Δγn,
where γ0 is the reference interfacial tension, and ΔγT and Δγn

are the variation in interfacial tension with thermal
perturbation and composition e7ects, respectively. Since the
composition gradient is governed by the thermal migration of

ATP , ( ) ( )( )n T K Td( ) d d d
n n n

n

T nATP
ATP ATP

ATP
= = = ,

where the ATP concentration, nATP, is a function of
temperature, T. The thermally driven ATP concentration
gradient was empirically estimated by matching the simulated
flow speed with the measured drift speed (see Note S3 and
Figure S15 for details). Figures 5a−c show the simulated
temperature, relative concentration, and flow profiles along the
droplet surface, respectively (same geometry model as in
Figure 4a). Given the temperature profile, nATP distributes
along the surface in the opposite way, indicating the
thermophobic migration of ATP. Strong Marangoni flows are
induced at the lower hemisphere in the radial direction from
the light source at the origin while leaving a quiet zone at the
south pole due to the minimal tangential temperature and
composition gradients. As shown in Figure 5d, the simulated
thermophoretic drift speed depends linearly on the derived Kn,
which is proportional to the ATP concentration gradient with
respect to temperature, ∂nATP/∂T, the dominant factor of the
thermally driven compositional Marangoni e7ect.
The thermophilic behavior of heat-dissociative coacervate

droplets has the following implications in the quest to

Figure 4. Flow dynamics and mechanism of thermophoretic and
electrophoretic motion of a coacervate droplet. (a) Simulated cross-
sectional flow profile for a PLL-ATP droplet in a 0.2 M NaCl solution
under an optically generated thermal field. The origin (0, 0) is the hot
spot where the laser beam is focused. The z-axis is the beam axis. The
black solid lines and red arrows represent streamlines and velocity
vectors, respectively. The white arrow indicates the propulsion
direction of the droplet. (b) With NaCl, charge complexation between
ATP and PLL is weakened, allowing polyelectrolytes to be
redistributed within the droplet along a temperature or electric
field. Subsequently, composition-driven interfacial flows are gener-
ated, driving the droplet toward a hot region or cathode in
thermophoresis and electrophoresis, respectively. (c) Without NaCl,
stronger complexation reduces the mobility of the charge-carrying
species, so e7ective composition variation does not occur to drive the
droplet along the temperature and electric fields. For electrophoresis
in (b) and (c), the cathode and anode correspond to the negative and
positive electrodes, respectively.
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understand the origin of life. Within the context of the deep-
ocean hydrothermal hypothesis, LLPS-driven droplets would
emerge from warm, molecule-rich fluids around the hydro-
thermal vents. Our initial intuition directs early condensates in
these environments to be heat-associative. However, our study
reveals that heat-dissociative coacervate droplets move against
temperature gradients and preferentially reside in hotter zones.
Considering that primordial molecular condensates might be
loosely complexed and heat-dissociative with relatively short
and simple macromolecules, our findings suggest their
preferential existence near the vents, thus potentially
accelerating the evolution of cellular forms through enhanced
molecule accommodation and biochemical reactions. More-
over, our research has revealed that the separation of
polyelectrolytes within droplets along a temperature gradient,
in conjunction with the resulting interfacial flows, is crucial to
determining both thermophoretic and electrophoretic behav-
ior. This discovery challenges the conventional methods used
to interpret the electrophoresis of coacervate droplets, which
typically correlates their surface charge with the zeta potential
under the solid-particle assumption. We believe that our study
provides insights into the fate of biomolecular condensates in
thermal landscapes at the beginning of life as well as a deeper
understanding of the molecular nature of coacervate droplets,
ultimately bridging the hydrothermal hypothesis on prebiotic
synthesis with the condensate-as-protocell hypothesis related
to cellular structuring.
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