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Mixing solutions of oppositely charged macromolecules can result in liquid-liquid phase separation into
a polymer-rich coacervate phase and a polymer-poor supernatant phase. Here, we show that charge
asymmetry in the constituent polymers can slow down the coarsening dynamics, with an apparent growth
exponent that deviates from the well-known 1/3 for neutral systems and decreases with increasing degrees
of charge asymmetry. Decreasing solvent quality accelerates the coarsening dynamics for asymmetric
mixtures but slows down the coarsening dynamics for symmetric mixtures. We rationalize these results by
examining the interaction potential between merging droplets.
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The association of macromolecules in solution often
results in liquid-liquid phase separation (LLPS), with the
formation of a polymer-rich liquid phase (coacervate)
coexisting with a dilute (supernatant) phase. The liquidlike
coacervates, which can be formed by complexation of
oppositely charged polyelectrolytes (PEs) and/or by protein
association, are of great importance in materials and biology
[1,2]. The formation of these liquid coacervates involves the
coarsening of small droplets into larger droplets [1,3,4]. For
biocondensates and PE complex coacervates, the coarsening
process is experimentally found to be significantly slower
than the theoretically anticipated spinodal decomposition
dynamics for solutions of uncharged polymers, for which
the evolution of domain coarsening follows the well-known
power law R ~ ¢ with = 1/3 [5]. For example, Lee,
Wingreen, and Brangwynne [3] found the coarsening
dynamics in LLPS of biocondensates in the cellular envi-
ronment is considerably suppressed, with a growth exponent
p~0.12. The coarsening in biocondensate coacervate
usually stops with multiple stable droplets [3,6—-8]. Liu et al.
[9,10] found that the coarsening dynamics is also suppressed
in LLPS of PE complex coacervation from mixing oppo-
sitely charged PE solutions, with # = 0.093-0.18.

The suppressed coarsening dynamics in coacervate
formation suggests that the merging of small droplets does
not follow the downward free energy path (constrained by
material diffusion) as in the classical spinodal decompo-
sition mechanism. Possible explanations to the origin of the
suppressed dynamics in the LLPS in biocondensate coac-
ervates include the coupling of the phase separation to the
elastic deformation of an underlying chromatin network
[3,7,11] or nonequilibrium activities in the cellular envi-
ronments [12,13]. While these mechanisms are reason-
able for LLPS dynamics in biocondensates in the cells,
they cannot explain the observed deviations from
simple spinodal decomposition dynamics in PE complex
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coacervation. A common feature in both biocondensate
coacervates and PE complex coacervates is that these
coacervate droplets involve charged macromolecules.
The macromolecular charges in the droplets are, in general,
not balanced [14—17]—perfect charge balance is the
exception rather than the rule. The charge asymmetry
between polycations and polyanions (or, in the case of
biocondensates, the unequal number of positively and
negatively charged residues on the biomacromolecules),
in general, gives rise to net-charged clusters carrying the
sign of the overall net charge of the macromolecules [17].
The interaction between charged droplets is expected to
create a free energy barrier that can potentially slow down
the coarsening dynamics and, in the case of highly
asymmetric systems, even stop the coarsening process,
resulting in finite-sized clusters [17-21].

In this Letter, we examine the effects of charge asym-
metry on the dynamics of LLPS by simulating the
coarsening of PE coacervate droplets under different charge
asymmetry and solvent quality conditions using electro-
static dissipative particle dynamics (EDPD) simulation
[17,22,23]. In our DPD simulation, monomers of poly-
cations and polyanions, their counterions, and solvent
(water) are explicitly modeled by coarse-grained beads
having the same mass m and size r.. Nonbonded beads
interact with each other via a soft repulsive force given by
FS = a;j(1 = r;j/r.)e;;, where a;; is the strength of the
interaction, r;; = |r; —r;| is the interbead distance, and
e;; = (r; —r;)/r;; represents the direction of the force. We
set the repulsion a;; between all species as a;; = 75kgT /.,
with the exception of repulsion between the monomer on
the polyion and water a,,,, whose value is given by a,,, =
75kgT/r. + Aa to control the solvent condition by adjust-
ing Aa. Here, kgT is the thermal energy, and we take T to
be the room temperature. Aa <0 corresponds to good
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solvent, and increasing Aa decreases the solvent quality.
Although it is possible to map the values of Aa to the more
familiar Flory-Huggins parameter, such a mapping is more
appropriate for neutral systems and requires fitting to a
particular model. Here, we will simply report the value of
Aa. The thermostat in DPD is controlled by two additional
pairwise forces, the dissipative force and the random force,
which are related by the fluctuation-dissipation theorem,
with the force parameters given by Groot and Warren [24].
Since all the forces in the DPD are pairwise, momentum
conservation is guaranteed, allowing hydrodynamics to be
captured at the mesoscale.

The polymers are modeled as beads connected by a
harmonic bond potential Eygug = 5 Kpona (7 — r0)? between
two consecutive beads along linear chains. The bond
strength and equilibrium bond length are set to Kyy,q =
100kgT/r2 and ry = 0.5r,, respectively. m, kgT, and r,
represent the mass, energy, and length units, respectively, in
DPD simulations, which are all set to unity. With the typical
interpretation that one DPD bead corresponds to three
water molecules [22,24], r. has a physical length of
0.64 nm. Each monomer in polycations (polyanions)
carries unit charge of +e (—e), and the corresponding
counterion has the opposite unit charge. The Bjerrum
length is set to [z = 0.7 nm to represent the electrostatic
interaction strength in water at room temperature. Electro-
static interactions are calculated by solving the Poisson
equation in real space in the simulation domain, in which
the electric field is computed on a mesh with smeared
charges from the off-lattice point charges, as detailed in
Ref. [22]. The total monomer concentration is about
0.14 M. Together with the counterions, the total ion
concentration (cation and anion) is 0.28 M, corresponding
to a nominal Debye screening length of about 1 nm. Other
simulation details are given in Supplemental Material [25].

Our simulations include 125 fully charged polycations
with chain length N, and 125 polyanions with chain length
N, in a box of 60 x 60 x 60r2. The elementary process of
polyelectrolyte complex coacervation consists of the for-
mation of polycation-polyanion pairs followed by the
coalescence of the pairs into larger clusters [4,26]. Since
the experiments monitored only the coarsening process, the
initial states right after the mixing of the polycation and
polyanion solutions are unknown. We, thus, initialize our
system by having 125 small droplets each consisting of a
polycation-polyanion pair. Similar to the experimental
measurements [3,7], we monitor the coarsening dynamics
by calculating the time evolution of the (number) average
radius of gyration (R) of the clusters in the system. The
degree of charge asymmetry is defined by 4 = N;/N,,
where for concreteness we take N; < N, and keep
N; + N, = 80. For each charge asymmetry, we perform
ten independent runs to obtain the ensemble average.
During each individual simulation, we observe that the
average droplet size in the system increases in a discrete
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FIG. 1. (a)—(d) Domain growth in systems with charge ratio
(between polycation and polyanion) 4 = 1.00, 0.86, 0.82, 0.78.
The solid lines show the best-fitted scaling exponents, while the
dashed lines are the upper and lower bounds of the exponents.
to = 400, 165, 125, and 100 in DPD time, from (a) to (d),
respectively. The shaded areas represent standard deviation from
ten independent runs. (e),(f) Simulation snapshots before and
after domain coarsening for 4 = 1.00 and 4 = 0.78, respectively.
The green and orange beads represent polycation and polyanion
monomers, respectively. Solvent molecules and counterions are
not shown for clarity.

“stepwise” fashion, and the small droplets maintain their
composition before merging into larger droplets. These
observations indicate that the domain growth is driven by
droplet coarsening, instead of Ostwald ripening; the same
conclusion was reached in the experimental studies of
coarsening dynamics in biocondensates [3,7].

We first consider the effects of charge asymmetry 4 under
good solvent condition (Aa = 0). Figures 1(a)-1(d) show
the time evolution of R(r)/R(t,) for different values of 4,
where R(1) is the average radius of gyration in the systems
at time ¢y, when the size first shows power-law growth. For
the charge-balanced system (1 = 1), Fig. 1(a) shows the
coarsening dynamics follows a power-law scaling ~7%3!,
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which is very close to the theoretically expected 1/3
scaling for spinodal decomposition. The slight deviation
from 1/3 is likely due to the finite-size effect in simulations
(since there are very few droplets in the later stages of the
simulation). In all the runs for the charge-balanced systems,
the coarsening ends up with the formation of a single large
droplet containing all the polyions, as shown in Fig. 1(e).
With charge asymmetry, the phase separation dynamics
slows down significantly: The apparent power law ~#’ in
domain growth has a smaller exponent of g = 0.20, 0.14,
and 0.10, respectively, for 4 =0.86, 0.82, 0.78. These
values are quite close to the range of the exponents
observed in the experiments [3,9]. For 4= 0.82 and
0.78, the coarsening stops with multiple droplets carrying
net negative charges as the final state; a snapshot is shown
in Fig. I(f). This result is consistent with experimental
observation and with our recent finding on the equilibrium
behavior in the complex coacervation of charge-asymmetric
polyelectrolyte mixtures [16,17]. For the case of 1 = 0.86,
the final state consists of 3—5 clusters; On the other hand, if
we artificially put all the polymers into a single droplet,
the droplet remains stable without spontaneous fission,
as shown in Fig. S1 in Supplemental Material [25]. For
A =0.78 and A = 0.82, the artificially created single droplet
splits into multiple smaller droplets, suggesting that the
equilibrium state contains multiple droplets at these con-
ditions. Whether the final state obtained in our coarsening
simulation represents the equilibrium state or a metastable
state due to kinetic barriers for fusion remains to be
investigated further.

To understand the observed slowdown in the coarsening
dynamics due to charge asymmetry, we examine the
elementary process of the merging of two polyion pairs
into a two-pair cluster. To this end, we compute the
potential of mean force (PMF) between the two polyion
pairs as a function of their center-of-mass distance r
[27-29]; the result is shown in Fig. 2, for the case of good
solvent condition (Aa = 0) under different charge ratios.

For the symmetric system (4 = 1), the coalescence of the
two droplets experiences no free energy barrier, consistent
with the spinodal decomposition mechanism. For all three
cases with charge asymmetry, coalescence of the two
droplets involves an energy barrier along the pathway,
with the barrier height increasing with increasing charge
asymmetry (i.e., decreasing 1), consistent with the slower
coarsening dynamics for the more charge-asymmetric
systems. Clearly, the free energy barrier must arise from
the repulsion between droplets carrying net macromolecu-
lar charges. Note that the free energy barriers are of the
order of kzT or less; thus, thermal fluctuation can easily
drive the fusion of these polyion pairs. As the droplets grow
and accumulate more net charge, we expect the free energy
barrier for coalescence to increase, which can eventually
arrest further growth. Note that macromolecular conden-
sates carrying net charges can have preferred size as the
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FIG. 2. Potential of mean force for complexation of two
polyion pairs under different charge ratios A= 1.00, 0.86,
0.82, 0.78 in good solvent condition.

final equilibrium state or as an intermediate metastable state
[30]. So the final state observed in our simulation for these
asymmetric systems can be due to both thermodynamic and
kinetic reasons.

Theoretically, droplet coalescence and coarsening are
driven by the tendency to decrease the surface energy.
Therefore, we expect that coarsening dynamics should be
faster with decreasing solvent quality [5]. To this end, we
study the LLPS dynamics in systems with charge ratio 1 =
0.78 under different solvent conditions with Aa = 0, 10,
25. Figure 3 shows the coarsening dynamics is indeed
accelerated—as evidenced by larger droplet sizes and larger
apparent power-law exponent—with increasing Aa. In
addition, coarsening proceeds further, since the final state
contains fewer and larger droplets. However, even for
Aa = 25, which corresponds to a very poor solvent, the
growth exponent reaches about f = 0.2, significantly
below the ~1/3 observed in charge-balanced systems.
These results suggest that, while poor solvent conditions
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FIG. 3. Domain growth in systems with charge ratio 4 = 0.78
for solvent conditions at Aa =0, 10, 25, respectively. The
simulation snapshots on the right shows the final morphology
of the systems containing multiple net-charged droplets.
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FIG. 4. (a) Time evolution of chain number in a cluster in

charge-balanced systems under solvent conditions of Aa = 0, 10,
25. The coarsening dynamics, in general, follow the theoretical
1/3 domain growth law. With increasing Aa, the domain growth
is slightly slower. (b) PMF profile for complexation of two
charge-balance pairs under solvent condition of charge asym-
metry of Aa =0, 10, 25. Although larger Aa gives deeper
attractive wells, smaller Aa has larger distance to trigger the
attraction between the droplets, which can be seen more clearly in
the inset.

can accelerate the coarsening dynamics, electrostatic repul-
sion between droplets in asymmetric systems still has
strong effects in suppressing the coarsening dynamics
and preventing the complete coalescence of all the droplets.

The effects of solvent condition on LLPS dynamics in the
charge-balanced systems are shown in Fig. 4(a), where we
plot the time evolution of the average number of chains n ina
cluster. Not surprisingly, the coarsening dynamics in all
three solvent conditions approximately follow the ¢'/3
domain growth law (noting that n ~ R3 ~ £3#), consistent
with the barrierless process for spinodal decomposition; see
Fig. 4(b). Surprisingly, however, decreasing the solvent
quality results in a slight but clearly noticeable slowdown of
the coarsening dynamics. This is quite different from the
expected behavior for LLPS in neutral systems, where
decreasing the solvent quality generally results in faster
coarsening dynamics [5]. A possible reason is that the

attraction due to mutual polarization between two approach-
ing polyion globules is slightly stronger in good solvent than
in poor solvent due to the smaller surface tension and lower
polymer density in the former, as shown in Figs. 4(b) and S2
in Supplemental Material [25]. In addition, the smaller
surface tension and lower polymer density make the droplets
more susceptible to shape fluctuation, thus facilitating
contacts that trigger the coalescence.

In summary, we have shown that the charge asymmetry
significantly suppresses the coarsening dynamics in poly-
electrolyte complex coacervation. Decreasing the solvent
quality can accelerate coarsening in charge-asymmetric
systems but cannot recover the /3 growth law for the
classical spinodal decomposition. For the charge-balanced
system, however, decreasing the solvent quality slows
down the coarsening dynamics while still maintaining
the ¢'/3 power law growth. While these results are obtained
for LLPS dynamics in an idealized model of polyelectrolyte
complex coacervation, our results are consistent with the
experimental observations by Liu et al. [9,10] for complex
coacervation in synthetic polyelectrolytes. In addition, a
recent experimental study of biocondensates formed by
peptide and RNA complexation with unbalanced charges
shows that nearly all the droplets formed carry the same
sign of charges [31], consistent with our simulation setup.
We, thus, expect our findings to be relevant to bioconden-
sates involving biomacromolecules that are not charge
balanced. To capture the behaviors in specific systems,
more realistic features, such as chain structure and charge
polydispersity, as well as the presence of other charged
species, need to be taken into account. More studies are
warranted to explore the effects of electrostatics in LLPS in
cells and in biomimetic systems.
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