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ABSTRACT: The liquid—liquid phase separation of a polyelectrolyte LN
solution containing one type of negatively and two types of positively Phage lll  Phase |l 2 C%é o
charged polymers with different charge densities is studied theoretically AV, 2 . (\(@I) .
by random phase approximation (RPA). It is predicted that multi- e Tl V! /
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correlations. The asymmetry of the linear charge density could induce

an effective immiscibility between two positively charged polyelec- dilute A+5+C

trolytes, leading to the multiphase separation. Adding salt will induce e\ Z Raise T { o /

the disappearance of the dilute phase, forming two coexisting complex " ")- (S —_— & ()\

phases, instead of fusion between coacervates. Raising temperature orake | G u)g)
ase

could either induce a two coexisting complex phase, or a dilute phase dilute — 2
coexisting with a coacervate phase, depending on the bulk

concentration. Our predictions are in good agreement with experiments

and provide insights in the further designing of the multiphase coacervation system.

Liquid—liquid phase separation is believed to play a key membraneless organelles’ complex functions such as RNA

role in the formation of various membraneless or§anelles, processing.”> Nevertheless, the origin of immiscibility among
which are essential in certain cellular processes.”> One the different dense phases formed by charged macromolecules
important route of liquid—liquid phase separation is via the remains controversial.”® A large number of existing stud-
associative phase separation of oppositely charged polyelec- ies’”™* attribute the separation of different coacervate phases
trolytes, known as complex coacervation.” " Polymer-rich to the y parameters between them, usually based on the
coacervate phases may coexistence with a supernatant phase, framework of the Flory—Huggins model. Indeed, the
resulting from the electrostatic correlation induced attraction simulations with varied short-range interactions of each species
between the charged Spedes'é_lo The basic modeling system exhibit the core—shell multiphase structures.”’ However, some
for complex coacervation consists of two oppositely charged recent works revealed that the formation of multiphase
polyelectrolytes, and its phase behavior is well studied. First, droplets could be driven by long-range electrostatic inter-

the Voorn—Overbeek (VO) theory,'" or VO-based theory,"
was a primary way to capture the Debye—Hiickel attraction of
a simple electrolyte, while it fails to correctly describe free
energy for complex coacervates, as it ignores many factors,
especially the chain connectivity. The random phase
approximation (RPA) considering the chain connectivity and
intramolecular correlation'*~"” was then developed. However,
RPA is inadequate in describing the dilute phase due to the
ideal chain assumption. Many advanced theories, including the
liquid state theory,'®'” transfer matrix theory,” scaling law,”'
field theoretic simulations,”” and renormalized Gaussian
fluctuation,” have been developed to obtain the qualitative
or quantitative understanding of the electrostatic correlation

action.””*® When coexisting coacervate phases form a core—
shell structure, the strong polyelectrolytes with higher linear
charge density are thought to be located in the inner part,
while weakly charged polymers comprise the shell.*® However,
how to control the multiphase separation driven by an
electrostatic interaction and what is the underlying mechanism
remain unclear. In this Letter, we report a systematic
theoretical investigation for the complex coacervation of
three-component polyelectrolyte solutions, demonstrate that
multiphase separation could be driven solely by electrostatic
fluctuation, and show the effect of salt concentration and
temperature in this process.

effects.”*
In reality, the intracellular phase separation always involves Received:  April 27, 2021 lurotetas)
multicomponent systems. The emergence of coexisted multi- Accepted:  July 23, 2021
phase droplets was confirmed by a number of experi- Published: July 27, 2021
ments.”* "> These multicoacervate phases have the potential
to enrich different kinds of solutes,*® leading to distinct

. . . . 31 . . .
circumstances for biochemical reactions,” and is vital in
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Figure 1. Phase diagram of the salt-free solution of polycations A and B and polyanion C. N, = Ny = N = 100, 6, = 6¢ = 0.5, and o3 = 0.50, 0.35,
0.34, 0.30, 0.25, and 0.10. ¢pc = (P04 + Pyo3)/0c. All the Flory—Huggins parameters y are set to 0. Blue, red, and green denote the three-phase,
two-phase, and single-phase regions, respectively. Black lines of the two-phase region are tie-lines of phase separation.

In order to account for the electrostatic correlation of
polyelectrolytes, we adopt RPA theory in which polyelec-
trolytes assume Gaussian chain conformation. As the
correlation function is in good agreement with a Gaussian
chain for a dense solution of weakly charged polyelectrolytes,””
RPA can quantitatively capture the properties of coacervate
phase.”” For the dilute phase, however, RPA ignores some
important high-order fluctuation corrections and the coupling
between electrostatic fluctuations and chain conformation, so
more accurate theories, such as field theoretic simulation®” or
renormalized Gaussian fluctuation,®® are then needed. We
consider aqueous solutions of two types of weakly charged
polycations (denoted as A and B chains) and one polyanion C.
These polyelectrolytes consists of N,, Ny, or Nc monomers,
respectively. All polyelectrolytes have the same Kuhn length b
(set as length unit), which is equal to 0.85 nm, consistent with
a hydrated monomeric unit length.39 The solvent (denoted as
S) is assumed to have the same volume as a monomer. The
charges are smeared so that each monomer of polyelectrolyte
species I has a uniform charge density o; (I = A, B, C). The
negative charges of C are assumed to be compensated by the
positive charges of A and B to guarantee the overall charge
neutrality condition. The counterions or salt ions are not
distinguished and monovalent. Each small ion (denoted as s) is
point-like and carries a charge e. The density of each molecule i
is p; and its volume fraction concentration is ¢, = p;b°. In terms
of RPA,"*"* the free energy density f of a homogeneous phase
can be written as

F —
Vil “FH

f

+ frea 1)

where F is the free energy, V is the system volume, kg is the
Boltzmann’s constant, and T is the absolute temperature and
will be set to 300 K. The first term in eq 1 represents the
mean-field contribution and assumes the Flory—Huggins form:
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where the summations run over all species (A, B, C, S, s). The
second term in eq 1 is the electrostatic correlation energy

computed with RPA and it is given by
b3
foa =5 / ln[l + Z/Jigi(q)u(q)qz] - Y pu(e)s?
(3)

Here g(q) denotes the intramolecular monomer—monomer
correlation function. For a Gaussian chain, it has the form g;(q)
=2{ exp(—x) — 1 + x}/«% x = g*b>N/6. For small ions, g(q) =
1. u(q) = 4nly/q* represents the Coulomb interaction between
two elementary charges, where the Bjerrum length Iy = ¢*/
(e0:ksT). € is the vacuum permittivity and ¢, is the relative
dielectric constant (g, ~ 78 for water).

For a given free energy density (eq 1), the convex hull
method (see details in ref 40) is used to construct phase
diagrams of multicomponent mixtures. First, we investigate the
three-component (A, B, C) polyelectrolyte solution without
small ions. For simplicity, the chain length of polyelectrolytes is
set as Ny = N = N = 100, and the charge density of A and C
is 6, = 6c = 05; Il = 0.7 nm. All the Flory—Huggins
parameters y; are set to O to highlight the electrostatic
interaction effect. These parameters are fixed in this study
unless specified otherwise. The phase diagrams are calculated
with varying o. Figure 1 displays typical phase diagrams in the
(¢ha, Pp) parameter space at different 6. When o = 6, = 0.5,
there is no three-phase coexistence region, as expected. In the
two-phase (red) region, the solution may separate into a dilute
phase and a condensed phase composed of A, B, and C (the
black lines represent tie lines, which label the compositions of
two coexisting phases), consistent with the normal bicompo-
nent coacervation since B is identical to A. Significantly, the
three-phase (blue) region appears when oy is lowered to 0.3S.
In this region, the solution phase separates into a dilute phase,

dq
(2n)’
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Figure 2. Molecular dynamics simulations for the system where N, = Ny = N¢ = 40, and each monomer of A, B, and C has a charge of +0.5, +0.2,
and —0.5. Red, cyan, and transparent surface denote A, B, and C, respectively. Diagrams show the surface of (a) A and C and (b) A, B, and C. The

snapshot of the cross-section at the midpoint is displayed in (c).
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Figure 3. (2) Phase diagram of polycations A and B and polyanion C solution. N, = Ny = N = 100, 6, = 6¢ = 0.5, 0 = 0.4, and .5 = 0.10; (b)
The critical value y,p to induce multiphase separation for different o5. When oy < 0.35S, pure electrostatic interaction is enough to induce the

multiphase separation.

a AC-rich coacervate phase and a BC-rich coacervate phase
(denoted as phases I, II, and III, respectively), shown as the
three vertexes of the blue triangle. With further decreasing oy,
the separated AC—BC two-phase (red) region becomes larger,
while the three-phase region expands first and then shrinks
because low enough o will produce a small concentration of B
in phase II In the three-phase region, A and B chains become
almost immiscible, and they complex with C polymers
separately. The electrostatic interaction driven triple-phase
separation is further verified using molecular dynamics (MD)
simulations. We consider a system with N, = Ny = N¢ = 40,
and each monomer of A, B, and C has a charge of +0.5, +0.2,
and —0.5, respectively. The MD simulation results are shown
in Figure 2. Charged polymers aggregate together and form
complexes. Within the aggregate, A chains (red) are
concentrated in the core part and B chains (cyan) are
distributed in the outer region, showing the macrophase
separation between the core consisting of the AC phase and
the shell consisting of the BC phase. Both the RPA method
and the MD simulation confirm that the difference in linear
charge density of polymers does induce multiphase separation
without any short-range interaction of y = 0.

To reveal the mechanism behind the phase separation within
the coacervate, we analyze the effective immiscibility due to the
asymmetric linear charge densities. In the absence of an
electrostatic interaction, the second-order variation of free
energy density takes the following form:

)

i

2 _
g fF-H -

1 ., 1
—0¢" + — OPoOP,
RSN

(4)
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Adding the contribution from the electrostatic correlation, the
additional second-order variation due to eletrostatics is given

by

5o ==, % f dq[a(q)g,-(q)gj(q)rf,-szf]édr,ﬁql;
ij (%)

where a(q) runs over all charged species m and is independent
of specific i, j,

u(q)’b’
(v + 3, dg (Dul@)e?) ©)

Adding these two contributions results in the effective
interaction parameters y.g;,

Yy =2y~ [ dale(@)g(@g (@) o

Using the incompressibility constrain Y 6¢); = 0, we further
modify the matrix y.g; to yeg; so that the diagonal elements
Xeri = 0; meanwhile, 5°f keeps constant. If all chains have an
identical length, y.g; takes the form

o} / dqa(q)g*(q) ®)

During the complexation process of the multicomponent
solution, polyanion C has stronger attraction toward A and
weaker attraction toward B. This difference in attractions
induces repulsion between the A and B chains. In terms of eq
8, a large enough difference in charge fraction between two
species could lead to a positive y. resulting in strong
immiscibility that drives the multiphase separation. Therefore,
the roles of electrostatic correlation are 2-fold, producing

a(q) =

1
X + E(Giz -

/ —
Lettij = Xy
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Figure 4. (a) Phase diagram of a solution of polycation A and B and polyanion C when salt is added. 65 = 0.3. The blue region denotes the three-
phase separation. The deep blue surface denotes the tie lines of the three-phase separation, and red lines are some typical tie lines of the two-phase
separation. (b) Top view of phase diagram (a). (c) ¢, and (d) ¢ in each phase. Blue, red, and green lines denote phases I, II, and III, respectively.
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Figure S. Comparison of the A and B concentrations in different coacervation processes. Solid lines are from the coacervation of individual AC or
BC bicomponent solution, and dash lines are from the coacervation of the ABC mixture solution. N, = Ny = N¢ = 100, 6, = o¢ = 0.5, and (a) o5 =

0.3, (b) o5 = 0.34.

attraction between charged polymers by making solvents
poorer and bringing additional immiscibility for chains with
asymmetric charge densities. The phase separation between A
and B chains originates from the latter effect.

Based on a previous analysis, we expect that the difference of
o may bring similar effect as y between different species.
Consequently, the formation of multiphase separation could be
induced by a combination of varying ¢ and y. As an example,
we consider a system having the same parameters as Figure 1
but with o = 0.4, in which the difference of 6, and oy is
inadequate to induce a triple-phase separation. However, if one
increases y,p from 0 to y,p = 0.10, the three-phase region will
appear as shown in Figure 3a. For the same N and o, and o,
we calculated the critical value y required to form the three-
phase region as a function of o5 in Figure 3b. When o3 > 0.35S,
triple-phase separation will happen only for a positive y,p
larger than yif;. It is expected that the observed multiphases in
the experiments may be driven by either these two factors or
their combination.

The electrostatic interaction can be screened by the addition
of salts. For a common bicomponent polyelectrolyte blend, the
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coacervate phase may swell and dissolve at critical salt
concentration (CSC)."" We investigate the salt effect on the
three-phase region of the triple component system. The
detailed calculation, including salt ions, is given in the
Supporting Information. The salt includes an equivalent cation
and anion, and the concentration is ¢, = ¢; = ;. Figure 4
shows the three-dimensional phase diagram for oz = 0.3. With
increasing salt concentration, the three-phase region gradually
shrinks and finally disappears, similar to the case of the
bicomponent coacervation. The concentration of salt ions
partitioned in coacervate is first slightly higher and then lower
than that of dilute phase (details in the Supporting
Information). Also, the two coexisted phases II and III exhibit
strong separation between the A and B chains, since phase II
hardly contains B chains and vice versa (Figure 4c,d).
Intuitively, one may argue that the three-phase separation of
the ABC mixture could be regarded as the blending of two
separate phase separations (AC and BC mixtures).”” We
further give the compositions of each coacervate phase by
comparing a three-phase separation process with an individual
A+C or B+C complex coacervate, which is shown in Figure S.

https://doi.org/10.1021/acsmacrolett.1c00282
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Figure 6. (a) Phase diagram of the solution of polycation A, B, and polyanion C when raising the temperature. o = 0.3. The blue region denotes a
three-phase separation. The deep blue surface denotes the tie lines of a three-phase separation, and red lines are some typical tie lines of a two-
phase separation. The dot lines are drawn to guide the eye. (b) Top view of phase diagram (a). When the three-phase separation turns into two-
phase, the region below the green line denotes a dilute ABC separation, and above it denotes AC—BC separation. (c) ¢, and (d) ¢g in each phase.

Blue, red, and green lines denote phases I, II, and III, respectively.

The dash lines give the concentration of A (or B) in phases I
and II (or phase III) of the three-phase separation, and the
solid lines are from the individual A+C or B+C complex
coacervation. Apparently, for a largely distinct charge density
of oy = 0.3, the three-phase separation is almost equal to two
individual coacervations. This situation is in accord with the
early study.”” As phase III contains little A chains, the two
curves of the B concentration perfectly overlap, while curves of
A show a slight shifting because of a small amount of B chains
contained in phase II. Once oy = 0.34, close to the critical
value off = 0.355 of the multiphase separation, the separation
tendency of A and B chains becomes weak, leading to a higher
concentration of B chains in phase I In this case, the
assumption of two individual phase separations of the
coexisting three phases breaks down. On the other hand, the
coexisting of two coacervates is related to the immiscibility
between them. It was proposed that the associated large
difference in critical salt concentrations of two coacervates (c¥,
¢f) provides immiscibility and causes their demixing in
solution through an effective y parameter by

Xy ~ (1/\/? — l/\/g)z_zg For two coacervates with an
identical CSC, multiphase droplets should not be observed.
However, our calculation shows that three-phase coexisting
may still occur in some cases; even the two coexisted and well-
separated coacervate phases have the same CSC (see
Supporting Information). Therefore, the difference in CSC
may not be a suitable criterion for the formation of multiphase
droplets. An accurate estimation for immiscibility requires an
analysis accounting for molecular details.

Figure 4 also indicates the salt effect on the phase
coexistence. When more salt is added, the total composition
is out of the blue three-phase region and the solution becomes
two separated phases, then the tie lines (red) of a two-phase
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region shows that usually dilute phase I vanishes and
coacervate phases II and III become two coexisted AC and
BC solutions. On the other hand, if the bulk concentration of
each species is relatively low, which is the general situation in
experiments, phase III of the three phases will change into a
BC dilute solution coexisting with phase II. This phenomenon
is evidenced by Liang’s work."* For a droplet including two
coacervates, they found that the outer coacervate phase is first
dissolved with increasing NaCl concentration, leaving the core
coacervate unchanged. Besides, under the addition of salts, this
preferential phase I-III fusion instead of the fusion between
two coacervates still keeps, even though phases II and III show
a weak separation tendency. For o3 = 0.34, very close to the
critical o, the fusion of phase I-III is still prior to the fusion
of phase II-III (see Supporting Information). Although the
attractive electrostatic force between A/B and C chains should
be weakened by the addition of salt, unexpectedly, A chains are
always excluded from the BC-rich phase. The electrostatic
fluctuation-driven immiscibility between A and B chains seems
to be relatively unaffected by salt.

Ignoring the changing of y and e, raising the temperature
usually shows a similar effect to the addition of salt, both of
which could weaken electrostatic attraction.** But in a
multiphase separation system, the temperature has a distinct
influence. Figure 6 displays the phase diagram calculated for a
system with o = 0.3. With increasing temperature (by
decreasing I;), the three-phase region (blue) shrinks and then
vanishes, similar to adding salt. However, the dissolution way
of multiphase depends on initial bulk concentrations. When
initial concentrations lie above the region of the green line in
Figure 6b, phase I disappears. At the same time, two
coacervates are transformed into coexisting AC and BC
solution phases with tie lines (red) of two-phase regions, like
the addition of salt. However, when polymer concentrations

https://doi.org/10.1021/acsmacrolett.1c00282
ACS Macro Lett. 2021, 10, 1041-1047
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are below the green line, raising the temperature leads to the
fused coacervates of phases II and III coexisting with a dilute
phase. A larger oy produces an expanded AC—BC fusion
region (see Supporting Information). Both salt and temper-
ature can weaken the electrostatic-driven immiscibility y.¢ by
decreasing a(q). Raising the temperature decreases the whole
u(q), while adding salts adds an extra ¢bguc® term in the
numerator of eq 6. This subtle difference between salt and
temperature might finally result in a distinct phase behavior.

In summary, we investigated the liquid—liquid phase
separation of multicomponent polyelectrolytes in solution
and focused on the formation and dissolution of multiphase
coacervates. We confirmed that the differences in the linear
charge density of different polymers alone could drive the
phase separation into the coexisting two coacervates due to
induced different electrostatic correlations. Besides, adding
salts only causes the dissolution of one coacervate phase with
weaker charged polymers into the dilute phase, while raising
the temperature may give rise to the fusion of two coacervate
phases coexisting with dilute phase at low bulk concentration.
The other factors that affect electrostatic interaction, such as
charge sequence,”*® may also be able to induce the formation
of a multiphase coacervation, which will be discussed in our
future work. Another important issue is the deviation from the
non-Gaussian chain statistics of polyelectrolytes in the
coacervate phase, which may become important if the
oppositely charged chains are asymmetrical enough in charge
density,21 bond length,47 and stiffness.” Considering the
charge density difference, a crude estimation based on scaling
theory”' shows that when 6¢/0y < 2%3 = 2.52, the deviation
from Gaussian statistic is unimportant (see Supporting
Information for details). In our system, the deviation is not
significant, and we ignore this effect. Our results provide some
insights in understanding the mechanism of multiphase
structure in membraneless organelles and can help to design
an artificial multiphase-separated structure.
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