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ABSTRACT: Complexation of oppositely charged macromolecules is essential in several biological phenomena. Recent reports
have demonstrated the importance of DNA local ﬂexibility in governing liquid−liquid phase separation (LLPS), a ubiquitous
phenomenon thought to drive membraneless cellular organization. Inspired by this, we perform coarse-grained molecular dynamics
simulations to study the role of chain ﬂexibility in the complexation of short negatively charged polyelectrolytes with long positively
charged polyelectrolytes. At low ionic strengths, spontaneous segregation of chains into a condensed (polymer-rich) phase and a
supernatant (polymer-depleted) phase is observed. When both the polyanion and polycation are ﬂexible (ﬂexible−ﬂexible complex),
denser complexes with a higher degree of structural correlation form, with fewer free chains released into the supernatant, compared
to the case when the polyanion is rigid (rigid−ﬂexible complex), in agreement with the LLPS experiments. Free chains are in rapid
exchange between the supernatant and the condensed phase. The partitioning of salt ions in the two phases depends on chain
ﬂexibility, with salt ions partitioned more into the condensed phase for ﬂexible−ﬂexible complexes. Interestingly, at intermediate to
high salt concentrations, ﬂexible−ﬂexible complexes form multiple equilibrium ﬁnite-size clusters, suggesting nanophase to
microphase segregated structures, while rigid−ﬂexible complexes tend to condense into a single complex. The results provide
molecular-level insights into LLPS of asymmetric polyelectrolyte complexation and give guidelines for assembling oppositely charged
macromolecules with diﬀerent degrees of molecular ﬂexibility.

■

charged polyelectrolytes.19,20 For weakly charged polymers,
complexation has been studied using linear response
theory, 21−24 often referred to as the random phase
approximation (RPA).22,25−29 Many groups have modiﬁed
the free energy by assuming that short-range attractions arise
upon complexation of charged chains30−32 or by accounting
for ﬂuctuations via ﬁeld theoretical simulations,33 eﬀect of
stiﬀness,34−36 sequence distribution eﬀects,37,38 and size of
charged units.39 Molecular dynamics simulations have
elucidated the eﬀects of pH40 as well as entropy.41 Regardless
of the model details, observations support that the phase
behavior of polyelectrolyte mixtures can be tuned by solution

INTRODUCTION

When mixed in solution, oppositely charged polyelectrolytes
can undergo associative assembly to form various condensed
phases. Depending on the interaction strength, assembly can
lead to irreversible precipitates, coarse aggregates/gels, or a
reversible liquid-like phase (termed complex coacervates).1−4
Complex coacervation of simple polyelectrolytes draws close
analogy with liquid−liquid phase separation (LLPS) of charged
biological macromolecules, which is leveraged by cells to form
membraneless organelles (MLOs).5,6 MLOs are reversible,
liquid-like cellular bodies that are typically rich in disordered/
charged proteins7−9 and nucleic acids.10,11 Complexation of
strongly charged synthetic polyelectrolytes and biological
macromolecules is generally considered to be driven by the
entropically favorable release of counterions condensed along
the polyelectrolyte backbone upon complexation,12,13 leading
to strong correlation eﬀects.14−18 These eﬀects have been
included only by a few models of complexation of the strongly
© 2020 American Chemical Society
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properties, including ionic strength,22,25−28,42 pH,43−46 stoichiometry,44,47 and temperature,48,49 as well as the molecular
properties of the polyelectrolytes, including charge density and
sequence,37,50−52 chirality,53 molecular weight,54 and backbone
rigidity.55
Complexation of strongly charged chains has long been
explored for the case of DNA with polyamines16 as well as with
oppositely charged polymers.56 In contrast to weakly charged
chains, which are complexed because of charge ﬂuctuations (as
demonstrated in the RPA studies mentioned above), strongly
charged chains are complexed because of ionic correlations.15,57−60 To illustrate the diﬀerence between these two
cases, consider a system of N+ and N− charges of valence z+ = 1
and z− = −1, respectively, conﬁned in a sphere of radius R. If
the charges are uncorrelated and no hard-core interactions are
included, the electrostatic energy per thermal energy (kBT) is
proportional to lB(N+ − N−)2/R, with lB = e2/(4πϵ0ϵkBT),
where lB is the Bjerrum length, e is the elementary charge, ϵ0 is
the permittivity of free space, and ϵ is the relative dielectric
constant of the medium. Therefore, the electrostatic energy of
an electrically neutral system (N+ = N−) of uncorrelated
charges is zero, and the only electrostatic contribution to the
free energy comes from the ﬂuctuations of these charges. This
is true even if the charges are connected into chains14 as well as
if nonlinear electrostatic eﬀects are included via Poisson−
Boltzmann (PB) models because PB accounts only for longrange electrostatic eﬀects (which are zero if an aggregate of
charges is electroneutral). Therefore, in mean-ﬁeld models for
mixtures of weakly charged chains, charge ﬂuctuations are
responsible for complexation. On the other hand, in
concentrated mixtures of charges, such as ionic crystals or
dense aggregates of oppositely strongly charged chains, the
charges are strongly correlated and the ﬂuctuations are
negligible. Indeed, simulation work has demonstrated that for
complexation of only two oppositely charged chains of the
same length (symmetric polyelectrolyte complexation), charge
correlation is present only in the case of strongly charged
chains.20 In this case, the electrostatic energy is computed from
the summation of all Coulomb contributions in the correlated
system. In the limit of an ionic crystal, which is the most
correlated ionic system, the energy per pair of charge is given
by MlB/d, where M is the Madelung constant and d is the
lattice size. Similar arguments have been used to estimate the
electrostatic contribution to the free energy of the disordered
system of charges (ionic glass) that results when strongly
charged ﬂexible chains associate with oppositely charged
multivalent ions of short chains.15 This estimate is a crude
approximation because the Coulomb interactions cannot be
summed analytically in disordered but correlated systems, and
the degree of disorder in the complexation of strongly charged
chains is a complex and unknown function of the degree of
ﬂexibility of the chains. Although the theory in this regime is
complex, the simulations performed here should help to
elucidate the eﬀect of the degree of ﬂexibility of short chains
complexed with long ﬂexible polyelectrolytes.
Recently, it was demonstrated that phase separation of short
nucleic acids with long ﬂexible chains was strongly aﬀected by
the local ﬂexibility of the short polyelectrolyte chains.42 In
poly-L-lysine (PLL) and DNA mixtures, DNA sequences with
lower persistence lengths undergo phase separation into liquidlike droplets more readily than DNA sequences with higher
persistence lengths. The demonstration of DNA-sequencedependent phase separation highlights the importance of
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understanding how the sequence-encoded mechanical properties of nucleic acids tune phase separation, particularly within
the context of recent reports suggesting that LLPS contributes
to the partitioning of DNA into actively transcribed DNA and
silenced heterochromatin in cell nuclei.61−63
In this work, we use coarse-grained (CG) simulations to
systematically study the role of chain ﬂexibility on the
complexation of oppositely charged semiﬂexible polymers
(referred to as ﬂexible or rigid, depending on the bare
persistence length, lp, of the chain). System parameters
(polyelectrolyte size and concentration, chain lp) were chosen
to match experimental conditions studying LLPS of long PLL
chains with short single-stranded and double-stranded DNA
oligomers.42 Simulations of asymmetric systems containing
long, ﬂexible polycations mixed with short polyanions were
carried out as a function of (1) varying lp of the short chain,
(2) ionic strength of the solution, and (3) polymer volume
fraction. We consider only strongly charged polyelectrolytes,
which are not expected to be described by linearized models
(Debye−Hückel or RPA type). In strongly charged systems,
correlations due to nonlinear short-range (determined by hard
core sizes) and long-range (Coulomb) interactions can distort
the chain conformations. Under the condition of no added salt
ions, all chains complex into a macroscopically segregated
single polymer-rich condensed phase, which represents a
macroscopic coacervate. The monomer density within the
complexes depends on lp of the short polyanion chain with the
density being highest when the short polyanion is fully ﬂexible
(ﬂexible−ﬂexible complex), while it is lowest when the lp of the
short polyanion is highest (rigid−ﬂexible complex). Furthermore, in the case of a ﬂexible−ﬂexible complex, a signiﬁcant
change in chain conformation of the fully ﬂexible short
polyanion is observed, resulting in a complex with a high
degree of structural correlation. This decreases as the lp
increases, with negligible change in chain conformation of
the short polyanion when it is most rigid.
With increasing salt concentration, structural correlations
within the macroscopic coacervate soften. For the rigid−
ﬂexible case, the single complex swells continuously, with more
short chains being released into the solution compared to the
ﬂexible−ﬂexible case. These observations are consistent with
experiments showing that the dissolution occurs at lower salt
concentrations for complexes of rigid DNA sequences
compared to that of ﬂexible DNA sequences.42 Rigid−ﬂexible
complexes remain segregated into a single swollen structure up
to the highest salt concentration studied, where they form
percolated structures. This suggests that the redissolution of
the complex, as monovalent salt concentration increases, is a
continuous process in rigid−ﬂexible complexes. In contrast,
ﬂexible−ﬂexible complexes exist as equilibrium ﬁnite-size
clusters at intermediate to high salt concentrations, possibly
because of the organization of salt ions at the complex−water
interface. That is, complexation of ﬂexible−ﬂexible polyelectrolytes appears in two forms as the concentration of salt
increases: as a macrophase segregated or coacervate phase at
low salt concentration and as a heterogeneous system of
clusters (complexes of ﬁnite-size) that resemble a system of
polydisperse micelles at moderate to high salt concentration.
This suggests that both enthalpy (due to enhanced surface
ionic correlations) and entropy (due to increase in the number
of clusters) are responsible for the formation of ﬁnite-size
clusters. Breakup of a single complex into many is also
observed in dilute systems at lower salt concentrations for
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Figure 1. Complexation of asymmetric oppositely charged polyelectrolytes in the absence of added salt. (A) Snapshots of clusters formed by
complexation of the long polycations with the short polyanions as a function of the polyanion persistence length (lp,N−=22) at a charge ratio of 0.99.
(B) Polymer density within the cluster as a function of lp,N−=22. (C) RDFs between polycation and polyanion monomers (gp(+),p(−)) for the clusters
of ﬂexible−ﬂexible (lp,N−=22 = 4.5 nm, lp,N+=240 = 4.5 nm) complexes (orange curve) and rigid−ﬂexible (lp,N−=22 = 58.3 nm, lp,N+=240 = 4.5 nm)
complexes (maroon curve). For comparison, the RDFs for mixtures in which both types of chains are neutral are shown as dashed lines. RDFs
between polyanion monomers and counterions (violet curves) for the clusters of (D) ﬂexible−ﬂexible and (E) rigid−ﬂexible complexes. End-toend distance (⟨R2⟩1/2) distributions of the (F) polyanion and (G) polycation chains in the clusters of ﬂexible−ﬂexible complexes. ⟨R2⟩1/2
distributions of the (H) polyanion and (I) polycation chains in the clusters of rigid−ﬂexible complexes. Distributions for free chains in solution
with only monovalent counterions present in the simulations are shown in gray.

ﬂexible−ﬂexible complexes. We note that there is a highly
dynamic exchange between free and complexed short chains,
which is consistent with experimental NMR studies of related
systems.64,65 This demonstrates an equilibrium between the
supernatant (dilute phase) and the macroscopically segregated
phase (i.e., the chains have equal chemical potential in both
phases). The ﬁnite-size clusters also associate and disassociate,
leading to strongly inhomogeneous systems (formation of
clusters of various sizes and shapes), even at high salt
concentrations when they are expected to redissolve.
The partitioning of salt ions in the supernatant and
condensed phase also shows a dependence on chain ﬂexibility.
In both cases, a nonmonotonic dependence on the salt
concentration is observed, originally predicted by Kudlay and
Olvera de la Cruz22 for weakly charged polyelectrolytes and
reaﬃrmed by experiments and Monte Carlo simulations.27 At
low salt concentrations, ions are preferentially partitioned into
the condensed phase, while this partitioning is reversed at high
salt concentrations. However, the salt concentration at which
this crossover occurs depends on chain ﬂexibility, with clusters
formed from rigid−ﬂexible complexes redistributing salt ions
into the supernatant at lower salt concentrations than the
clusters formed from ﬂexible−ﬂexible complexes. This study
demonstrates the role of chain ﬂexibility in the complexation of
oppositely charged polyelectrolytes and provides an avenue to

the understanding of the mechanism and implications of
nucleic acid-sequence-dependent LLPS.

■

RESULTS AND DISCUSSION
Chain Flexibility-Dependent Condensation. CG simulations were performed on a system containing long
polycations (N+ = 240, charge = e/bead, 24 chains in
simulation) and short polyanions (N− = 22, charge = −e/
bead, 264 chains in simulation). The long polycation chain has
lp,N+=240 = 4.5 nm for all simulations, while the lp of the short
polyanion chain was systematically varied from lp,N−=22 = 4.5
nm (ﬂexible chain) to 58.3 nm (rigid chain) (Figure S1). The
ion size was chosen to be comparable to that of the polymer
beads.66 Persistence lengths of the short polymer chains were
chosen to match the persistence lengths of single-stranded and
double-stranded DNA.67 Similarly, polymer volume fractions
were chosen to be comparable to experiments of coacervation
between DNA (22 nucleotides/base pairs) and PLL (n =
240).42 In the absence of the added salt, formation of a single
complex is observed for all lp,N−=22 (Figure 1A). Polymer
density within the complex is highest for ﬂexible−ﬂexible
complexes (Figure 1B). With increasing lp,N−=22, the polymer
density within the complex shows an initial decrease before
plateauing at a constant value at higher lp,N−=22 (Figure 1B).
Radial distribution functions (RDFs) between the polycation
1260
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neutral aggregates of oppositely charged chains found in this
study under no added salt or very low salt concentration
conditions. Because we are analyzing multichain aggregation of
strongly charged chains, we expect the changes in polyelectrolyte conformation to deviate from those predicted in
monomolecular aggregation14,15 and in weakly charged
polyelectrolyte complexation.41 Experiments have suggested
that complexes of ﬂexible polyelectrolytes behave as Gaussian
chains (in θ solvent) in the condensed phase,68 as observed in
neutral polymer blends in the molten state (referring to a
highly concentrated system of chains overlapping at length
scales of the order of the hydrated charged monomers of the
chains), while they are expected to behave as polyelectrolyte
chains in a good solvent (i.e., stretched) in the supernatant.72
It is tempting to associate the complexation with a change in
local solvent quality (note that our CG simulation model has
implicit solvent, thus particles possess a hydration shell, and
hence, the complexes contain water molecules). For neutral
chains, condensation from a good solvent into a θ solvent
would result in chain compaction lower than the degree of
compaction values obtained from our simulations (theoretically predicted compaction of 26 and 42% in ⟨R2⟩1/2 for N− =
22 and N+ = 240, respectively, compared to the measured
values of 30 and 60%).73 This is because in the reference state
of the polyelectrolytes, where the chains are in an athermal
solvent (good solvent) and are only with monovalent
counterions (without the oppositely charged polyelectrolyte),
they are more elongated than neutral chains in a good
solvent.74 In fact, the ﬂexible charged chains in the complexes
are more elongated than ﬂexible neutral chains in θ solvent or
in neutral blends. This provides evidence that the chains are
strongly distorted from their ideal conformation because of
many-body eﬀects that result in correlations among charged
groups. Interestingly, for systems in the molten state,75,76
where ionic correlations are strong (in organic media), charged
chains are also elongated with respect to Gaussian chains. In
addition, as the concentration of charges increases in
ionomers,75 the chains and counterions form more spherical
ionic clusters, which support our claim that correlations cannot
be ignored while describing strongly charged polyelectrolyte
complexes. In contrast, for rigid chains (Figures 1H, S2, and
S3), complexation results in only a minor change in polymer
conformation (∼2% decrease of ⟨R2⟩1/2 for lp,N−=22 = 58.3 nm).
This is because the conformation of a rigid rod is dominated
by the chain lp not solvent quality. The long polycations are
only slightly more compact in ﬂexible−ﬂexible complexes than
in the rigid−ﬂexible complexes, though the diﬀerence is
insigniﬁcant (Figure 1I). We note that we do not observe the
structures predicted in the complexation of strongly charged
size asymmetric polyanions and polycations at diﬀerent charge
concentration ratios, x, with added salt59 because we are only
analyzing electroneutral mixtures (x ≈ 1) for which only
spherical aggregates are expected at low salt concentrations,14,15,57 as explained above.
Salt-Dependent Complexation. Polyelectrolyte complexation depends on the concentration of salt ions in
solution.22,25−28,42 Low ionic strength conditions favor
complexation as the electrostatic interactions driving assembly
are not suﬃciently screened. On the other hand, high ionic
strength conditions favor dissolution because the electrostatic
interactions are screened at high salt concentrations, leading to
a decrease in the chemical potential of the components.14,15,57

and polyanion monomers (gp(+),p(−)) are shown in Figure 1C.
In general, gp(+),p(−) shows a well-deﬁned correlation peak at 2
nm and a second minor peak at 6 nm. The peak at 2 nm
corresponds to association of the oppositely charged
polyelectrolytes mediated by counterions, as demonstrated
by the correlation peak at ∼1 nm between the polyanion and
counterion (Figure 1D,E). In a previous simulation work on
complexation of only two oppositely charged chains of the
same length, the resulting complex excluded all counterions,
when the chains were strongly charged.20 In our case, we have
an asymmetric system with multiple polyanion−polycation
chains in which the total charge from the polycations is not
fully compensated by the total charge from the polyanions, and
therefore, we observe counterions partitioned into the complex
(Figure 1D,E). The minor peak at 6 nm in Figure 1C indicates
a long-range correlation arising from an alternating structure of
the polycation and the polyanion chains.41,68 The amplitude of
gp(+),p(−) is larger for ﬂexible−ﬂexible complexes compared to
that for rigid−ﬂexible complexes, indicating that ﬂexible chains
organize into a more correlated structure within the complexes
compared to rigid chains (Figure 1C). For comparison, gp,p is
also shown for an identical system but with no charge on the
polymer chains (Figure 1C, dashed lines). The neutral polymer
chains remain dispersed, and thus, no features indicating
structural correlation are observed in gp,p.
We next studied whether the polyelectrolyte complexation is
accompanied by changes in chain conformation. Monte Carlo
simulations have suggested a signiﬁcant decrease in chain
dimension upon complexation,69 while experiments have come
to conﬂicting conclusions regarding whether complexation
leads to chain expansion70 or chain collapse.68 Figure 1F−I
shows root-mean-squared end-to-end distance (⟨R2⟩1/2) of the
N− = 22 chain and the N+ = 240 chain, both in electroneutral
solution of chains and counterions (gray distributions) and in
salt-free mixtures of the oppositely charged polyelectrolytes
(lp,N−=22 = 4.5 nm, orange distribution; lp,N−=22 = 58.3 nm, red
distribution). For the most ﬂexible short chain studied (lp,N−=22
= 4.5 nm), ⟨R2⟩1/2 decreases from 11 nm in solution to 8 nm
upon formation of ﬂexible−ﬂexible complexes (∼30% decrease
of ⟨R2⟩1/2) (Figure 1F). In concert, ⟨R2⟩1/2 of the N+ = 240
chain decreases from 60 to 24 nm (∼60% decrease of ⟨R2⟩1/2)
(Figure 1G). ⟨R2⟩1/2 as a function of lp,N−=22 for both free and
complexed chains are shown in Figure S2. Because the chains
are strongly charged, they collapse with respect to their
stretched conformation in a salt-free dilute solution because of
the correlations upon complexation with oppositely charged
chains; this compaction is reminiscent of precipitation (often
referred to as the condensation) of single long ﬂexible chains
with oppositely charged multivalent ions14,15,57 or polyamines.16−18 These studies have explained that in salt-free
dilute solutions of strongly charged polyelectrolytes, phase
segregation occurs when the oppositely charged multivalent
particles neutralize the polyelectrolytes, as observed in
polystyrene sulfonate (PSS) solutions [including La(PSS)3
and PSS−Na in LaCl3 and Th(NO3)4],71 as well as in λ
DNA and short DNA fragments in spermine and spermidine.16
These studies showed that the redissolution of the aggregates,
as the salt concentration increases, occurs because of a
decrease in the chemical potential of the short polyions in the
supernatant, which also determines the eﬀective charge of the
redissolved long polyelectrolytes.57 This precipitation phenomenon resembles the macroscopic segregation into electro1261
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Figure 2. Complexation of asymmetric oppositely charged polyelectrolytes in the presence of added salt. Snapshots of clusters formed by
complexation of the long polycations with the short polyanions as a function of salt concentration at a charge ratio of 0.99 for (A) ﬂexible−ﬂexible
(lp,N−=22 = 4.5 nm, lp,N+=240 = 4.5 nm) complexes and (B) rigid−ﬂexible (lp,N−=22 = 58.3 nm, lp,N+=240 = 4.5 nm) complexes. The salt ions are removed
from the snapshots for clarity. Snapshots of clusters formed from chains with other values of lp,N−=22 studied are shown in Figure S4. Analysis of
polymer density within the clusters, the number of free chains, and the number of clusters upon complexation as a function of salt concentration
(C−E) and lp,N−=22 (F−H).

(Figure 2D,G). The number of free chains increases with
increasing lp,N−=22 initially and then plateaus to a constant value
at high lp,N−=22 for salt concentrations up to 75 mM. At 150
mM salt concentration, this trend is reversed, and the number
of free chains decreases with increasing lp,N−=22. However, the
number of free chains released is consistently higher for the
rigid−ﬂexible case at low to moderate salt concentrations,
likely because of the limited conformational ﬂexibility of
complexed rigid chains, which restricts the formation of highly
cohesive structures within the complex.
Many-body eﬀects result in structural correlations arising
from the organization of positively and negatively charged
polyelectrolytes in the condensed phase, which should soften
with increasing salt concentration.68,70 Figure 3A,B shows
gp(+),p(−) as a function of salt concentration for polyanion
chains of lp,N−=22 = 4.5 nm and lp,N−=22 = 58.3 nm. The longrange correlation peak at 6 nm vanishes as the salt
concentration is increased (>25 mM) for both ﬂexible−ﬂexible
and rigid−ﬂexible complexes. The total amplitude of gp(+),p(−)

CG simulations were performed as a function of increasing
added salt concentration, ranging from 0 to 150 mM
monovalent salt (Figures 2A,B and S4). Increased salt
concentration leads to a systematic decrease in polymer
density within the condensed phase (Figure 2C,F), indicating
dissolution of the complex. In order to conﬁrm that single
complexes formed under low salt conditions are not
irreversible aggregates, we performed simulations in which a
single complex formed at low salt concentration (25 mM) was
placed into an environment with signiﬁcantly higher salt
concentration (75 mM) (Figure S5). We ﬁnd that the complex
relaxes into conformations similar to that observed when the
complexation is allowed to occur directly from an initial state
of randomly placed polymer chains and ions at 75 mM salt.
This result demonstrates that the formation of a single complex
under low salt conditions is not irreversible aggregation but
instead reversible complexation. However, it is still phase
segregation as all complexed chains are in a single complex
under low salt conditions. The short polyanion chains are
released into the supernatant for all lp,N−=22 values tested
1262
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Figure 3. RDFs between polymer monomers and polymer monomers and counterions as a function of salt concentration for the clusters of
ﬂexible−ﬂexible (lp,N−=22 = 4.5 nm, lp,N+=240 = 4.5 nm) complexes (top panels) and rigid−ﬂexible (lp,N−=22 = 58.3 nm, lp,N+=240 = 4.5 nm) complexes
(bottom panels).

Figure 4. Number of clusters as a function of time for salt concentrations ranging from 0 to 150 mM for (A) ﬂexible−ﬂexible (lp,N−=22 = 4.5 nm,
lp,N+=240 = 4.5 nm) complexes and (B) rigid−ﬂexible (lp,N−=22 = 58.3 nm, lp,N+=240 = 4.5 nm) complexes. (C,D) Corresponding distribution functions.

(Figure 2B,E,H). For the ﬂexible−ﬂexible case, we observe an
increase in polymer−counterion correlation with increasing
salt concentration for both short and long chains (Figure 3C−
F). This, along with higher structural correlation (Figure 3A),
compared to rigid−ﬂexible complexes (Figure 3B), suggests
increased organization of ions around the clusters at high salt
concentration, which seems to stabilize the small clusters (i.e.,
the entropy increases by increasing the number of clusters and
the energy decreases by increasing the correlations of the ions
that are organized on the surface of the clusters, which favors
an increase in the number of complex−water interfaces). The
number of clusters ﬂuctuates around an equilibrium value
(Figure 4A,B), resulting in distributions that are well-described
by Gaussian ﬁtting functions (Figure 4C,D). The equilibrium

steadily decreases upon the addition of salt, indicating
softening of structural correlations, which accompanies the
dissolution of complexes (Figure 3A,B). Unexpectedly, the
mechanism of dissolution of the complex depends on the
ﬂexibility of the comprising polyelectrolytes. In the case of
ﬂexible−ﬂexible complexes, dissolution proceeds through
swelling at low ionic strength conditions, followed by a
breakup into multiple clusters as the ionic strength is increased
(>25 mM salt) (Figure 2A,E). As lp,N−=22 increases, the number
of ﬁnite-size clusters formed at moderate to high ionic strength
decreases signiﬁcantly, and therefore, dissolution begins to
occur through a continuous swelling of the complex. For the
highest lp,N−=22 tested (rigid−ﬂexible complexes), multiple
clusters are observed only above 75 mM salt concentration
1263
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Figure 5. Free polyanions and clusters in dynamic exchange in the presence of salt. Time series snapshots showing dissociation of clusters at
intermediate salt concentrations (A) 50 mM and (B) 75 mM for ﬂexible−ﬂexible (lp,N−=22 = 4.5 nm, lp,N+=240 = 4.5 nm) complexes (top panels) and
rigid−ﬂexible (lp,N−=22 = 58.3 nm, lp,N+=240 = 4.5 nm) complexes (bottom panels). The largest cluster in each snapshot is uniformly color-coded
(turquoise).

state in our system should be determined by equating the
chemical potential of all the ionic components in all possible
aggregates. However, the energy of the cluster of each size can
strongly diﬀer because of the strong dependence of cluster size
on the degree of ion permeation and surface organization of
the ions, which leads to a heterogeneous system in cluster size
distribution and cluster composition. For rigid−ﬂexible
complexes, multiple ﬁnite-size clusters form only at high salt
concentration (≥75 mM), possibly because of the entropic
stability of multiple smaller clusters of rigid chains being less
favorable than that of ﬂexible chains (Figure 4B,D). These
results suggest that the number of degrees of freedom is larger
in ﬂexible−ﬂexible complexes than in rigid−ﬂexible complexes
as the salt concentration increases, which could be due to the
larger degree of conformational changes of the short ﬂexible
chains upon complexation. Interestingly, in the presence of
salt, we observe that the complexes are in dynamic exchange.
At 25 mM salt, for clusters of both ﬂexible−ﬂexible and rigid−
ﬂexible complexes, free chains exchange between the supernatant and the condensed phase. At higher salt concentration,
exchange is observed between both free chains and individual
clusters (see time series snapshots for 50 and 75 mM in Figure
5), indicating that the system is at equilibrium. This is
consistent with NMR experiments that have shown that
complexes of short DNA/RNA and polycationic gene delivery

polymers are in rapid exchange between free and bound
states.64,65 This is signiﬁcant, as it is not well understood how
polycationic polymers used as vectors of delivering therapeutic
nucleic acids play a dual role of both protecting and releasing
the complexed nucleic acids upon delivery to cells.77,78 It has
been postulated that such intrinsic exchange dynamics could
provide a mechanism.64,65
Concentration-Dependent Complexation. In addition
to solution ionic strength, polyelectrolyte complexation is also
dependent on the total polymer concentration.27,79,80 CG
simulations were performed at ϕpolymer ranging from 1.7 × 10−4
to 1.2 × 10−2 at a constant salt concentration of 25 mM, where
a single complex was expected to form (Figure 6A,B). The
complex size increases with increase in polymer concentration
(Figure 6A,B), while the polymer density within the complex
remains constant except at very low concentrations (ϕpolymer ≤
4.4 × 10−4) (Figure 6C). Indeed, in the case of phase
segregation, it is expected for the droplet size to vary with
polymer concentration, while the internal density remains
constant. The polymer density is higher for clusters of
ﬂexible−ﬂexible complexes than for that of rigid−ﬂexible
complexes. For all ϕpolymer, almost all ﬂexible short chains are
partitioned into the condensed phase, leaving very few free
chains in the supernatant (Figure 6D). In contrast, for the
rigid−ﬂexible complexes, a signiﬁcant number of rigid chains
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Figure 7. Salt partitioning in the condensed phase and the
supernatant as a function of (A) ion volume fraction (ϕion) at a
polymer volume fraction of 3.5 × 10−3 and (B) polymer volume
fraction (ϕpolymer) at 25 mM salt for ﬂexible−ﬂexible (lp,N−=22 = 4.5
nm, lp,N+=240 = 4.5 nm) complexes and rigid−ﬂexible (lp,N−=22 = 58.3
nm, lp,N+=240 = 4.5 nm) complexes.

Cruz22 have predicted by incorporating hard-core interactions
of the salt ions. Although this seems to validate the modiﬁed
Debye−Hückel models that include ion size, the RPA does not
describe complexation of strongly charged chains where ion
correlations are imperative. In fact, gel reswelling with increase
in the concentration of monovalent salt is demonstrated when
many-body eﬀects are included in nonlinear models.81 The
crossover to preferential partitioning in the supernatant occurs
at lower salt concentration for rigid−ﬂexible complexes
compared to that for ﬂexible−ﬂexible complexes (Figure
7A), as expected, because the polyelectrolyte chains are more
strongly correlated in the ﬂexible−ﬂexible complexes and thus
have a higher cohesive energy and require higher salt for
redissolution. Figure 7B shows ϕc − ϕs as a function of ϕpolymer.
The corresponding (ϕc − ϕs) decreases as a function of
ϕpolymer, approaching 0 at high ϕpolymer, indicating that the salt
ion partitioning becomes nearly uniform throughout the
system. Coincidentally, at the salt concentration simulated
(25 mM), the partitioning of ions does not depend on the
chain lp,N−=22 (Figure 7B).

Figure 6. Complexation of asymmetric oppositely charged polymers
as a function of polymer concentration. Snapshots of clusters formed
by complexation of the long polycations with the short polyanions as a
function of polymer volume fraction (ϕpolymer) at a charge ratio of 0.99
for (A) ﬂexible−ﬂexible (lp,N−=22 = 4.5 nm, lp,N+=240 = 4.5 nm)
complexes and (B) rigid−ﬂexible (lp,N−=22 = 58.3 nm, lp,N+=240 = 4.5
nm) complexes. (C) Polymer density within the cluster and (D)
number of free chains as a function of ϕpolymer.

are released into the supernatant, which increases as ϕpolymer is
increased (Figure 6D). The free short chains are in rapid
exchange between the supernatant and the condensed phase.
In general, for all ϕpolymer tested, the chains condense into a
single complex. Interestingly, at very low ϕpolymer, breakup and
merging of clusters are also observed (Figure S6) for the
ﬂexible−ﬂexible case at 25 mM, indicating transient nature of
the ﬁnite-size clusters (possibly because of the fact that for
such low polymer concentrations, the critical nucleus to get
macroscopic segregation into a single complex is too large to
be observed in our simulations).
Partitioning of Ions. The Voorn−Overbeek (VO)
model21,28 and generalized VO model31 predict preferential
partitioning of salt ions in the condensed phase compared to
the supernatant. However, accounting for chain connectivity
and excluded volume eﬀects have led to predictions of
nonmonotonic partitioning of ions in the condensed and
supernatant as a function of salt concentration.22 Three
partitioning regimes have been identiﬁed: (1) preferential
partitioning of ions in the condensed phase at low salt
concentrations, (2) preferential partitioning of ions in the
supernatant at intermediate salt concentrations, and (3)
uniformly partitioned ions at high salt concentrations.22
To analyze salt partitioning, we compute the volume fraction
of ions in the condensed phase (ϕc) and in the supernatant
(ϕs). The diﬀerence (ϕc − ϕs) provides a measure of
preferential partitioning of ions, with ϕc − ϕs = 0 representing
a uniform distribution of ions between the two phases. Figure
7A shows ϕc − ϕs as a function of ion volume fraction in the
system, ϕion. Ions are preferentially partitioned in the
condensed phase at low salt concentrations, with reverse
trend at higher salt concentrations, as Kudlay and Olvera de la

■

SUMMARY
As discussed in the Introduction, in contrast to weakly charged
systems, strongly charged polyelectrolytes are expected to have
strong electrostatic interactions inside the complexes under
zero and low salt concentration conditions. In ionic systems,
the cohesive energy (because of Coulomb and hard-core
interactions, leading to an inﬁnite summation of the positive
and negative charges) is proportional to γ = lB/d, where d is the
distance of closest approach between the charges. In the case
of ﬂexible polyelectrolyte complexation with oppositely
charged multivalent ions or chains, the chain ﬂexibility inhibits
the formation of an ionic crystal. Instead, it results in the
formation of a disordered ionic complex.15 Indeed, disordered
complexes are observed in our MD simulations for long ﬂexible
chains mixed with short chains with varying lp,N−=22 for all
values of lp,N−=22. However, diﬀerences in the properties of the
complex as a function of lp,N−=22 are apparent as a function of
monovalent salt concentration. At low salt, as evidenced by
higher RDF values, we see higher structural correlation in the
case of ﬂexible−ﬂexible complexes than in the case of rigid−
ﬂexible complexes. This suggests a lower cohesive energy of
the short rigid chains in rigid−ﬂexible complexes compared to
that of chains in ﬂexible−ﬂexible complexes, explaining why at
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chains into smaller clusters to increase the free energy of the
system via ionic correlation and translational entropy. On the
contrary, their complexation with long chains into ﬁnite-size
clusters would decrease the conformational entropy of the long
ﬂexible chains, thus explaining the increase in the number of
free rigid chains (without the release of many long ﬂexible
chains) as the salt concentration increases from 25 to 50 mM.
For ﬂexible−ﬂexible complexes, we ﬁnd that most of the short
ﬂexible chains remain associated (complexed) with long chains
as the salt concentration increases in this salt concentration
regime. This is likely because the ﬂexible chains can form more
compact structures (which increases the electrostatic correlations) compared to the rigid chains and can form small clusters
of ﬁnite size, i. In this case, if the energy of forming diﬀerent
clusters sizes is not strongly peaked at some value, a
multicomponent system of diﬀerent cluster sizes (i = 1, 2, 3,
...) is expected to decrease the free energy. This is because a
system polydisperse in size increases the degrees of freedom
(entropy) as observed in charged micelles at diﬀerent salt
concentrations.82 Indeed, as the concentration of monovalent
salt increases, we observe a larger concentration of small
clusters (Figures 2 and 4).

low salt concentrations there are more free short rigid chains in
the rigid−ﬂexible case than in the ﬂexible−ﬂexible case (see
snapshots of simulations at 25 and 50 mM salt concentrations
in Figures 2 and 3).
Because the interior of a large ionic aggregate has to be
electroneutral with all the possible excess charge at the
interface,15,57 in principle, as monovalent salt concentration
increases, more chains are released to the bulk because their
large electrostatic energy (due to excess charge) can be
decreased by the condensation of monovalent salts. Therefore,
the concentration of free chains is expected to increase as the
monovalent salt increases. However, the possibility of creating
many interfaces by forming multiple clusters could increase
both the cohesive energy of the short chains and the entropy of
the system, leading to the redissolution (or opening up) of the
large complex into smaller clusters with further additions of
monovalent salt so that the excess surface charge of the smaller
clusters is screened by monovalent ions.57 In practice, the
redissolution of the strongly charged chains with the addition
of monovalent salt is a complex process because there are
many mechanisms of screening the Coulomb interactions,
including the formation of clusters of short chains with
monovalent ions, formation of clusters of short and long chains
with the ions, as well as presence of the free ions. In general,
the overall equilibrium is determined by equating the chemical
potential of all the components (long and short chains and
monovalent ions) in all the possible aggregates including
clusters with many chains and ions as well as free chains with
monovalent ions. If ionic correlations are ignored, as in the
case of complexes of weakly charged chains where the ions are
not condensed along the chains but are ﬂuctuating freely, a
complete redissolution into free chains and free ions is
expected upon increasing the salt concentration. In our case,
we are studying strongly charged chains that generate strong
ionic correlations, and therefore, a diﬀerent mechanism for
redissolution is expected.20
A complex (assuming an inﬁnite system) will “open up”
when the chemical potential of the chains (dissolved/free) is
lower in bulk than in the complex. As discussed above, at low
salt concentration, the cohesive energy of the short rigid chains
in rigid−ﬂexible complexes is lower than that of short ﬂexible
chains in ﬂexible−ﬂexible complexes, and therefore, one
expects that as the salt concentration increases, more rigid
free chains are released from the large cluster. However, as the
concentration of chains in the bulk increases, the chemical
potential of the short chains has contributions from the
translational entropy and from the energetic contributions
because of their association with monovalent ions as well as
with other short chains via monovalent ions. Complexation
occurs when the concentration of monovalent ions is smaller
than the concentration of short chains because the translational
entropy of the free monovalent ions competes with that of the
short chains in bulk. Note that the chemical potential of short
chains in the complex does not include translational entropic
contributions but only the cohesive energy due to Coulomb
and hard-core interactions because they are assumed to form
an ionic disordered system, as it is a system of strongly
(oppositely) charged polyelectrolytes with at least one
polyelectrolyte component fully ﬂexible.15 When the short
chains are rigid, there are no changes in conformational
entropy upon complexation (either with the monovalent ions
or with long charged chains). Therefore, there are not as many
degrees of freedom upon complexation with long ﬂexible

■

CONCLUSIONS
In this study, complexation of strongly charged asymmetric
systems consisting of long, ﬂexible polycations and short
polyanions with varying chain lp was investigated with CG
simulations. The polyelectrolyte complexation and the
complex properties (i.e., density, size, number of free chains,
and ion partitioning) are shown to depend on lp of the short
polyanion. Higher chain ﬂexibility facilitates the formation of
dense complexes with long-range structural correlation that is
consistent with an alternating polycation−polyanion structure
mediated by counterions, at least at very low salt
concentrations. Entropy and structural correlations within the
complexes seem to stabilize small, ﬁnite-size clusters formed at
intermediate salt concentrations. This is in contrast to rigid
chains which, at intermediate salt concentrations, form single
complexes that have weaker structural correlation. At low salt
concentrations, ions are preferentially partitioned in the
condensed phase, whereas at high salt concentrations, ions
are preferentially partitioned in the supernatant in both
ﬂexible−ﬂexible and rigid−ﬂexible complexes. The critical
salt concentration at which the ion partitioning is reversed is
higher for ﬂexible−ﬂexible complexes because of stronger
chain correlation.
The simulation results complement experimental studies on
LLPS of PLL−DNA mixtures that demonstrated that ﬂexible
DNA chains undergo phase separation more readily than rigid
DNA chains.42 In both experiment and simulation, rigid−
ﬂexible complexes undergo dissolution at relatively lower salt
concentrations than ﬂexible−ﬂexible complexes, which can be
attributed to weaker structural correlation in clusters formed
from rigid chains, leading to lower cohesive energy within the
complex. The study also shows that the condensed phase is
highly heterogeneous and dynamic with the free chains or
ﬁnite-size clusters in rapid exchange, which is important for
practical applications of polyelectrolyte complexes and relevant
to biological processes such as the spatiotemporal MLOs. The
results demonstrate the importance of polyelectrolyte conformational ﬂexibility in associative phase separation and
provides a molecular-level picture of DNA-sequence-dependent LLPS.
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(Figure S1). Simulations of systems of varying polymer concentrations were carried out at polymer volume fractions (ϕpolymer) of 1.7
× 10−4, 4.4 × 10−4, 1.5 × 10−3, 3.5 × 10−3, and 1.2 × 10−2. Further
simulation details are given in the Supporting Information.

METHODS

In the simulations, polyelectrolytes are represented by a beads-spring
model, where N spherical beads of diameter d = 1 nm and charge ±e
are connected by harmonic springs. The polycations have a length of
240 monomers (N+ = 240) and the polyanions have a length of 22
monomers (N− = 22). The polycation to polyanion concentration
ratio was chosen such that the total positive to negative charge ratio
(from charges on the polymer) was close to 1 and matched
experimental charge ratio (∼0.99);42 the extra charge in the system
was compensated with counterions, modeled as free spherical beads,
carrying a single charge of ±e. For simulations with varying salt
concentrations, additional counterions were added at concentrations
ranging from 0 to 150 mM. The initial conﬁguration of the system
was generated using Hoobas.83
The oppositely charged polyelectrolytes and the counterions were
placed in a periodic cubic box of volume L3, with L = 120 nm. The
interaction between bonded beads was modeled as harmonic springs,
with the potential

Ubonded = k b(l − l0)2
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(1)

where l is the bond length, l0 is the equilibrium bond length, and kb is
the spring constant. We used kb = 3333 kJ mol−1 nm−2 and l0 = 1 nm
in all simulations. Rigidity of polyanion chains was modeled using a
harmonic angle potential

Uangle = k θ(θ − θ0)2

(2)
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where θ0 = π and the angle constant (kθ) dictates the bending rigidity.
Simulations were carried out with kθ values ranging from 0 to 83 kJ
mol−1 rad−2. Nonbonded interactions between all beads were
modeled by purely repulsive Lennard-Jones potential (Weeks−
Chandler−Andersen, potential)84
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where εLJ is the interaction strength, 2 σ is the distance at which the
potential is zero, and r is the distance between two beads. In the
simulations, εLJ = 1.66 kJ mol−1 and σ = 1.0 nm for polymer−polymer,
0.8 nm for polymer−ion, and 0.6 nm for ion−ion interactions.
The electrostatic interaction between charged beads is represented
by Coulombic interaction
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where rij is the distance between bead i and bead j, Z is the valency of
the charged bead, ϵ0 is the permittivity of free space, and ϵ is the
relative dielectric constant of the medium. All Columbic and longrange electrostatic interactions were calculated using the particle−
particle particle−mesh method.85 All simulations were carried out in
implicit water ϵ = 80.0). Therefore, the electrostatic interaction
strength, represented by lB
lB =

q2
4π ϵ0ϵkBT
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was estimated as lB ≈ 7 Å for kBT = 2.5 kJ mol−1.
The system was relaxed using NVE integration over 104 time steps
and then integrated using Langevin dynamics over 1 to 2 × 108 time
steps of 0.002τ, where τ is the natural time of the system.
Equilibration was checked from potential energy versus time data.
For data analysis, 20−40% of data (tail end of data that fell in the
region where potential energy vs time was constant) were used.
Polycations were always modeled as fully ﬂexible chains [kθ = 0,
persistence length (lp) = 4.5 nm], whereas the ﬂexibility of polyanions
was tuned by varying kθ as 0, 16.7, 41.7, and 83.3 kJ mol−1 rad−2,
corresponding to lp,N−=22 of 4.5, 15.1, 30.7, and 58.3 nm, respectively
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