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The phenomenon of droplet growth occurs in various industrial and natural processes. Recently, the
discovery of liquidlike condensates within cells has sparked an increasing interest in understanding their
growth behaviors. These condensates exhibit varying material properties that are closely related to many
cellular functions and diseases, particularly during the phase transition from liquidlike droplets to solidlike
aggregates. However, how the liquid-to-solid phase transition affects the growth of condensates remains
largely unknown. In this study, we investigate the growth of peptide-RNA condensates, which behave as
either liquidlike droplets or solidlike aggregates depending on the RNA sequences. Dynamic light
scattering experiments show that solidlike condensates grow surprisingly faster, with their hydrodynamic
diameters increasing over time as d;,(t) ~ t'/2, contrasting with d, () ~ '/ for liquidlike droplets. By
combining theoretical analysis and simulations, we demonstrate that this accelerated growth is caused by
the noncoalescence aggregation of solidlike condensates and thus formation of percolated swollen
structures with a decreased fractal dimension. Moreover, we demonstrate that the accelerated growth can be
slowed down by introducing agents that can revert solidlike condensates back to their liquidlike states, such
as urea or specific RNAs. Together, our work reveals a fractal-dependent growth mechanism of
condensates, with useful insights for understanding the aging of condensates and modulating their

aggregation behaviors in synthetic and biological systems.

DOI: 10.1103/PhysRevLett.133.118401

Droplet growth is a ubiquitous phenomenon observed in
a multitude of natural and industrial processes. Classic
theories have been widely applied in describing the droplet
growth in contexts with different driving forces, such
as Brownian motions [1] and Ostwald ripening [2].
Specifically, droplets undergo Brownian motions and
coalesce with each other to form larger ones.
Alternatively, they can grow without direct contact through
Ostwald ripening, where molecules diffuse from smaller
droplets to larger ones driven by the difference in Laplace
pressure between droplets. Notably, these theories predict
that the time evolution of droplet mean radii follows a
power law as r(f) ~ t'/3. Recent studies have identified
similar dropletlike membraneless condensates, formed by
the liquid-liquid phase separation of proteins and nucleic
acids, within living cells [3]. Prompted by the crucial roles
of condensates in cellular functions and diseases, there has
been a growing emphasis on comprehending the analogous
coarsening behaviors of condensates in living cells [4-6].

Previous studies have introduced several mechanisms to
advance our understanding of condensate growth in com-
plex intracellular environments [7-13]. These studies
provide important insights into why condensates in cells

suppressed coarsening. However, these studies primarily
focused on liquidlike condensates, leaving a limited under-
standing of the growth of solidlike condensates, which
often exhibit slow relaxation dynamics and distinct mor-
phologies [14—16]. Importantly, solidlike condensates,
formed by liquid-to-solid phase transitions or aging, are
closely associated with some neurodegenerative diseases
[4,17,18]. Therefore, it is crucial to investigate how the
physical properties of condensates impact their growth
dynamics.

To address this question, we utilize model condensates
consisting of poly-L-lysine and RNAs, resembling bio-
molecular condensates formed by proteins and nucleic
acids [4,16]. In our previous studies, we demonstrated that
RNA sequences affect the physical properties of conden-
sates, leading to the formation of either liquidlike droplets
or solidlike aggregates [19,20]. These model condensates
allow for a quantitative comparison of the growth behaviors
of condensates with different physical properties. In this
letter, we experimentally observe that solidlike condensates
grow more rapidly, with the mean hydrodynamic diameters
increasing as d, () ~ t'/2, in contrast to liquidlike con-
densates that grow as d,(f) ~ t'/3. Through theoretical

remain stable over long periods with significantly  analysis and Monte Carlo simulations, we demonstrate that
this rapid growth is caused by the aggregation of solid-

— like condensates to form swollen fractal structures.
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FIG. 1. Coarsening behaviors of condensates with different
physical morphologies. (a) Schematic diagram of positively
charged PLL and negatively charged single-stranded RNA.
(b) Two representative RNAs with (rPU22) and without
(rPU22-M2) G-quadruplex (G4) structures. (c) Bright-field im-
ages showing different physical morphologies of condensates
formed by PLL and rPU22 RNA and rPU22-M2 RNA, respec-
tively, at 1:1 stoichiometry monomer charge ratio (2 mM PLL,
2 mM RNA, 150 mM KCI, 40 mM Tris buffer, pH = 7.5). The
scale bars are 20 pm. (d) Logarithmic plot of hydrodynamic
radius (d),) of condensates over time (10 pM PLL, 10 pM RNA,
150 mM KCI, 40 mM Tris buffer, pH = 7.5). The fitted « (black
dashed lines) for rPU22-M2/PLL (blue circles) and rPU22/PLL
condensates (red circles) are 0.30 & 0.004 and 0.45 =+ 0.006,
respectively.

condensates can be modulated and slowed down by
introducing urea and specific RNAs.

We start with condensates formed by poly-L-lysine
(PLL) and single-stranded RNAs as model systems. A
native 22-nucleotide (nt) single-stranded RNA sequence
that contains G-quadruplexes (G4) structures, called
rPU22, is used [Fig. 1(a)]. By mutating eight guanine
nucleotides into adenine nucleotides, another single-
stranded RNA without G4 structures is obtained, named
rPU22-M2 [Fig. 1(b)]. Condensates are spontaneously
formed by mixing PLL with rPU22 and rPU22-M2 at a
1:1 stoichiometry charge ratio of lysine to nucleotide,
respectively [Fig. 1(c)]. Because of strong interactions
between rPU22 and PLL, rPU22/PLL condensates exhibit
as solidlike aggregates [Fig. 1(c)]. Their morphologies
resemble condensates observed previously in other syn-
thetic systems [16,21-23] and cells [24,25]. In contrast,
condensates comprised of rPU22-M2 lacking G4 structures
and PLL behave as liquidlike droplets [Fig. 1(c)].

We then characterize the growth behavior of these two
condensates using dynamic light scattering (DLS). The
results show that the hydrodynamic diameters (d,) of both
types of condensates increase following a power-law rela-
tionship over several hours, described as d;,(7) ~ t* with a
being the exponent [Fig. 1(d)]. Specifically, the fitted «
for rPU22-M2/PLL condensates is about 0.30, while for
rPU22/PLL condensates, it is approximately 0.45. This
bifurcated trend is consistently observed across experiments
conducted at various polymer concentrations (Fig. S1 in the
Supplemental Material [26]), collectively showing that a for

rPU22-M2/PLL condensates are close to 1/3, while a for
rPU22/PLL condensates approach 1/2 (Fig. S1 [26]). In
addition, we try another RNA variant, rPU22-M1, which
contains 4 guanine-to-adenine nucleotide mutations
(Fig. S2a [26]). Bright-field images show the formation
of liquidlike condensates upon mixing rPU22-M1 with PLL
(Fig. S2b [26]). The fitted a for rPU22-M1/PLL condensates
falls within the range of 0.29-0.33 with reasonable exper-
imental variations, consistently approaching 1/3 across
different polymer concentrations (Fig. S2c [26]).

To demonstrate the universality of bifurcated coarsening
behaviors, we have repeated experiments using other
G4-containing RNAs and their mutants. Strong interactions
between PLL and RNAs containing G4 structures, such as
TERRA and NRAS, result in the formation of solidlike
condensates [Figs. 2(a) and 2(b)]. Consistently, these
solidlike condensates exhibit rapid coarsening behaviors
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FIG. 2. Universality of bifurcated coarsening behaviors of
condensates. (a) Plot of hydrodynamic radius (dj,) over time
for TERRA/PLL and TERRA-M2/PLL condensates (10 pM
PLL, 10 pM RNA, 150 mM KCI, 40 mM Tris buffer,
pH = 7.5). The fitted a are 0.46 £ 0.005 (red circles) and 0.30 +
0.003 (blue circles), respectively. (b) Plot of hydrodynamic radius
(d;,) over time for NRAS/PLL and NRAS-M2/PLL condensates
(10 pM PLL, 10 pM RNA, 150 mM KCI, 40 mM Tris buffer,
pH = 7.5). The fitted « are 0.49 + 0.005 (red circles), and 0.29 +
0.002 (blue circles), respectively. (c) Correlation between physi-
cal morphologies of condensates (e.g., aggregates or droplets)
and guanine ratio of constituent RNAs. (d) Correlation between
physical morphologies and coarsening behaviors of condensates.
(e) Bright-filled images and schematic illustration showing that
liquid droplets readily merging upon contacting and grow
following a power-law function over time as d,(t) ~t'/3; in
contrast, (f) solid aggregates stick together without merging,
resulting in a fast coarsening as d,,(t) ~ t'/2.
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with «a close to 1/2 [Figs. 2(a) and 2(b)]. In contrast,
liquidlike droplets formed by PLL and mutated RNAs
lacking G4 structures (TERRA-M2 and NRAS-M2) exhibit
relatively slower coarsening behaviors with a close to 1/3
[Figs. 2(a) and 2(b)].

Generally, RNAs enriched in guanine nucleotides have a
propensity to form intramolecular and intermolecular
G4 secondary structures [30]. To investigate whether the
guanine ratio determines the morphologies and coarsening
behaviors of condensates, we prepare additional RNA
sequences with varying ratios of guanine nucleotides.
Interestingly, not all G4-containing RNAs form solidlike
aggregates with PLL; for example, TRF, PU22u, and
TERRAu RNAs form liquidlike droplets with PLL
(Fig. S3 [26]). Moreover, TERRAu-M1 RNA lacking
G4 structures can even form solidlike aggregates with
PLL (Fig. S4 [26]). Thereby, we do not find a predictive
correlation between condensate morphologies and the
guanine ratio of constituent RNAs [Fig. 2(c)]. However,
regardless of RNA sequences, all solidlike condensates
exhibit faster growth with a close to 1/2, while liquidlike
condensates show slower growth with « close to 1/3
(Fig. S5 [26]). This indicates a strong correlation between
the growth behaviors of condensates and their physical
morphologies [Fig. 2(d)]. However, what is the underlying
mechanism behind this correlation?

To address this question, we look into basic theoretical
models of coarsening. The coarsening of liquidlike conden-
sates can be effectively explained by models of Brownian
motion-induced coalescence (BMC), which give rise to
d,(t) ~ t'/3. In the context of BMC, these liquid droplets
grow by merging with each other upon contact, consistent
with our experimental observations [Fig. 2(e)]. However, we
observe that solidlike condensates grow by sticking to each
other rather than merging [Fig. 2(f)], reminiscent of the
aggregation behavior seen in colloidal particles [31,32].
Therefore, the non-coalescence of solidlike condensates leads
to the formation of percolated structures and may contribute
to their fast coarsening behaviors.

In support of this hypothesis, we employ Monte Carlo
simulation to investigate the coarsening behaviors of liquid
droplets and solid particles. Consistent with experimental
findings, liquid droplets can coalesce into larger ones upon
contact, whereas solid particles only stick to each other on
surfaces in simulations. Importantly, the simulations dem-
onstrate that solid particles grow faster than liquid droplets
[Figs. 3(a) and 3(b)]. In particular, the coarsening exponent
a for solid particles is approximately 1/2, which is larger
than the 1/3 observed for liquid droplets [Fig. 3(c)]. These
simulation results effectively capture our experimental
observations.

However, what theoretical relationship exists between
different physical morphologies and the coarsening behav-
iors of condensates? In statistical mechanics, the growth of
a population of droplets or particles undergoing Brownian
motions in a homogeneous medium can be described
using the Smoluchowski coagulation equation [1,33].
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FIG. 3. The decreased fractal dimension of solidlike conden-
sates lead to their fast growth behaviors. (a) (b) Snapshots
showing the coarsening of solid particles and liquid droplets at
different time points through simulations. Particles that are stuck
together in solid aggregates are highlighted as red color in (d).
During simulations, a total of 12 000 droplets and particles are
placed in three-dimensional 100 x 100 x 100 simulation boxes
and allowed to diffuse through Brownian motions and merge or
stick upon collision. (c) Plot of mean radius r as a function of
time ¢ for liquid droplets (blue) and solid particles (red) in a
logarithmic coordinate. Standard deviations (shaded areas) are
obtained from 10 simulation replicates with different random
seeds. The power-law exponents of coarsening of liquid droplets
and solid particles are 1/3 and 1/2, respectively, in good
agreement with experiments. (d) TEM images showing the
fractal morphologies of rPU22/PLL condensates. (e) A logarith-
mic plot of projected area A as a function of the characteristic
radius r of condensates based on TEM images. The fitted fractal
dimension is D = 1.74 +0.03. (f) Plot of volume V and
characteristic radius r of aggregates obtained from Monte Carlo
simulations in a logarithmic coordinate. The inset figure shows
simulated fractal aggregates that resemble morphologies of
solidlike condensates in experiments. The fitted fractal dimension
is D=1.93+0.01.

The detailed derivation and key assumptions of this
theory can be found in Supplemental Material, note 1 [26].
The analytical expression of the Smoluchowski coagulation
equation is given as

AV 4kgTd,

= 1
dt 3 (1)

where V is the mean volume of condensates, ¢ is the total
volume fraction of condensate phase, # is the viscosity of
media, k is the Boltzmann constant, and 7 is the temperature.
Following phase separation under fixed conditions, ¢
remains constant as confirmed experimentally and by a
theoretical lever rule [34,35]. Therefore, this analytic equation
suggests that the mean volume of subjects scales linearly with
time as

V~t (2)
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For liquid droplets with V = (4zr3/3), Eq. (1) simplifies
to the classic BMC theory: (dr’/dt) = (kzT¢o/nn). This
theory predicts that the mean size of droplets increases over
time as d,(t) ~t'/3, consistent with the coarsening of
liquidlike condensates in our experiments and simulations.
In contrast, solidlike condensates exhibit percolated struc-
tures, as revealed by transmission electron microscopy
(TEM) [Fig. 3(d)]. Notably, a mathematical fractal concept
is applied to characterize the volume of these complex
structures V as a function of their hydrodynamic radius d,,
as 'V ~ df where D is the fractal dimension [31,36,37]. For
these irregular structures, the fractal dimension is typically
noninteger and smaller than the Euclidean dimensionality
of space, owing to the presence of neighboring branches
and intermediate void spaces. In combination with the
coarsening model of V ~¢ and the concept of fractal
V ~dP, we derive that

d, ~t'/P. (3)

This expression suggests that the coarsening exponent «
scales inversely with the fractal dimension D as a = 1/D.
Based on our previous experiments, it predicts that the
fractal dimension of solidlike aggregates should be close to
2. To validate this, we first measure the fractal dimension of
solidlike condensates using 2D TEM images. The fractal
dimension D is defined as the ratio of the logarithm of the
volume V or area A to the logarithm of the characteristic
size (see the Supplemental Material for details [26]). The
characteristic radius is defined as the radius of the largest
circumcircle surrounding a solidlike aggregate throughout
the work. By plotting the projected area A as a function of
the radius r, we find that the fractal dimension of solidlike
condensates is approximately 1.74 [Fig. 3(e)]. This value is
close to the fractal dimension of colloidal aggregates at a
range of 1.71-1.80, determined using the same methodo-
logy in previous studies [38,39]. However, this methodo-
logy tends to underestimate the fractal dimension since it
approximates the volume of aggregates by their projected
area; however, the direct quantification of the volume of
aggregates in experiments is challenging due to technical
limits. To address this, we use simulations to plot the exact
3D volume V and the characteristic length r of aggregates
containing more than 7 unit particles in logarithmic
coordinates. From these simulations, the fractal dimension
is estimated to be D ~ 1.93 [Fig. 3(f)]. This value is slightly
higher than that obtained from experiments. In addition, we
have demonstrated that the selection of characteristic radius
for solidlike condensates does not affect their coarsening
exponents. For example, the coarsening exponent of solid-
like condensates remains close to 1/2, regardless of
different characteristic radii utilized in simulations
(Fig. S8 [26]). The fractal dimensions obtained from both
experiments and simulations are close to the theoretically
predicted fractal dimension of 2.

In our previous studies, we demonstrated that the solid-
like condensates can be melted back to liquidlike counter-
parts in the presence of urea or G4-free RNAs [Fig. 4(a)]
[19]. Therefore, we hypothesize that the growth of solidlike
condensates can be regulated by introducing urea or
G4-free RNAs [Fig. 4(a)]. To test this, we experimentally
monitor the growth of solidlike rPU22/PLL condensates at
varying concentrations of urea. Indeed, the coarsening of
condensates gradually slows down with increasing urea
concentration [Fig. 4(b)]. Particularly, the coarsening
exponent transitions from ~1/2 to ~1/3 (Fig. S7 [26]).
Consequently, we are able to rescale these coarsening data
onto a master curve in a plot of d;, — d; versus %, where
d; 1s the initial hydrodynamic diameter and « is the fitted
coarsening exponent (Fig. S9 [26]). In addition, introduc-
ing G4-free rPU22-M2 RNA at a 1:1 stoichiometry ratio
with rPU22 RNAs also decelerates the growth of solidlike
condensates, and the corresponding a returns to approx-
imately 1/3 (Fig. S6 [26]).

This varying coarsening behavior of condensates is
assumed to stem from changes in their fractal dimension.
To validate this through simulation, we simplify the model
by neglecting the dynamic merging process and assuming
that a pair of droplets after merging have equal radii
determined by the mass and volume conservation.
Additionally, a parameter k, defined as the aspect ratio
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FIG. 4. Tunning growth behaviors of solidlike condensates.
(a) Schematic illustrations of the phase transition from solidlike
aggregates into liquidlike droplets with increasing concentration of
urea and G4-free RNAs. (b) Experimental data showing the slowing
growth behaviors of solidlike rPU22/PLL condensates with in-
creasing urea concentration (10 pM PLL, 10 pM RNA, 150 mM
KCI, 40 mM Tris buffer,pH = 7.5). (¢) The simulations reproduce
a decreasing fractal dimension D of clusters with increasing aspect
ratio k of neighboring partially merged droplets. (d) Plot of the mean
radius of partially merged droplets over time at different aspect
ratios k. Curves were obtained by averaging results from ten
replicates with different random seeds and the shaded regions
below curves indicate the standard deviations (SD).
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between the long and short axes of merged droplets [the
inset schematic in Fig. 4(c)], is used to describe the merging
ratio between a pair of condensate droplets with different
physical properties ranging from liquidlike droplets (k = 1)
to solidlike aggregates (k = 2). From the simulations, we
observe that the fractal dimension D of aggregates
decreases with increasing k [Fig. 4(c)]. Consequently,
the growth behavior of condensates gradually slows down,
with the coarsening exponent « varying from 1/2 to 1/3
[Fig. 4(d)]. These simulation results qualitatively capture
the experimental trends shown in Fig. 4(b). Therefore, we
demonstrate the ability to tune the growth behaviors of
solidlike condensates by adjusting their physical properties
through various parameters.

In conclusion, we have introduced a fractal-dependent
growth mechanism of condensates. Combining experi-
ments, theory, and simulation, we demonstrate that solid-
like condensates exhibit percolated structures with
decreased fractal dimensions and fast coarsening behaviors
as opposed to their liquidlike counterparts. In particular, it
is validated that the coarsening exponent scales inversely
with the fractal dimension of condensates as a = 1/D.
Moreover, we demonstrate the ability to tune the coarsen-
ing behaviors of solidlike condensates by introducing urea
and G4-free RNAs. Besides our observations, similar
percolated solidlike condensates have been observed in
various types of synthetic systems [16,21-23] and living
cells [24,25]. Therefore, our work provides a generic
mechanistic framework for understanding anomalous
growth behaviors of solidlike condensates, particularly
during liquid-to-solid or aging transitions, in a broad range
of synthetic and living systems.
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