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Looping-in complexation and ion partitioning

in nonstoichiometric polyelectrolyte mixtures

Sean Friedowitz'?!, Junzhe Lou"?', Kayla Patricia Barker®, Karis Will**, Yan Xia®*, Jian Qin?*

A wide variety of intracellular membraneless compartments are formed via liquid-liquid phase separation of
charged proteins and nucleic acids. Understanding the stability of these compartments, while accounting for the

compositional heterogeneity intrinsic to cellular environments, poses a daunting challenge. We combined experi-
mental and theoretical efforts to study the effects of nonstoichiometric mixing on coacervation behavior and
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accurately measured the concentrations of polyelectrolytes and small ions in the coacervate and supernatant
phases. For synthetic polyacrylamides and polypeptides/DNA, with unequal mixing stoichiometry, we report a
general “looping-in” phenomenon found around physiological salt concentrations, where the polymer concen-
trations in the coacervate initially increase with salt addition before subsequently decreasing. This looping-in
behavior is captured by a molecular model that considers reversible ion binding and electrostatic interactions.
Further analysis in the low-salt regime shows that the looping-in phenomenon originates from the translational
entropy of counterions that are needed to neutralize nonstoichiometric coacervates.

INTRODUCTION

Solutions of polycations and polyanions under proper conditions
may exhibit a demixing transition, resulting in the coexistence of a
polymer-rich phase known as polyelectrolyte complex coacervate
(PEC) and a dilute supernatant nearly devoid of polymers (1). PECs
may appear as solid-like precipitates or as viscoelastic fluids, com-
monly referred to as coacervates (2). Since the discovery of coa-
cervation from biopolymers (1), PECs have garnered much attention
for use as protein and drug encapsulants (3), gene delivery vehicles
(4, 5), surface coatings (6), and adhesives (7). Recent interest in
PECs is spurred by the findings that coacervation is the mechanism
underlying the formation of membraneless liquid organelles in
cells, including P-bodies (8), stress granules (9), and germ granules
(10). In these contexts, coacervation is often referred to as liquid-
liquid phase separation (LLPS) and is thought to play a critical role
in the spatial and temporal organization of biochemical reactions
(11, 12) and in gene regulation (8, 13). For example, P-bodies and
stress granules function as storage sites for mRNAs and coopera-
tively regulate mRNA translation and degradation (8, 14). Stress
granules are formed in response to exogenous stresses and turn off
translation by sequestering untranslated mRNAs and translation
initiation factors (14, 15).

A distinct feature of LLPS in biological settings is the hetero-
geneity in sequence, conformation, and composition of the partici-
pating polymers (i.e., proteins and nucleic acids) (16-18). Despite
increasing efforts, it remains unclear whether the thermodynamics
of LLPS is governed by simple rules, especially in solutions with
heterogeneous compositions. Several in vitro studies using purified
proteins and polynucleotides have highlighted the importance of
the mixing ratio between oppositely charged polyelectrolytes (PEs)
in dictating coacervate stability. Livolant and coworkers found
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that DNA can be condensed and resolubilized by continuously
increasing concentration of multivalent cationic partners (19, 20).
More recently, Gladfelter and coworkers showed that, under physio-
logical conditions, phase separation between mRNA and the Whi3
protein would not occur at highly asymmetric mixing ratios (21).
Brangwynne and coworkers studied the stability of PECs against
salt addition by fixing the concentration of rRNA and varying
that of NPM1 protein (22). Their phase diagram (22) implies a
salting-out behavior at highly unequal RNA/protein ratios, where
adding salt causes an initially homogeneous solution to phase sepa-
rate. A fundamental understanding of the role played by the mixing
ratio and a detailed characterization of the coexisting phases is,
however, missing.

Tackling this issue using synthetic PEs with well-defined stoichi-
ometry is desirable in that the uncertainty in biological PECs is
eliminated. Past research using synthetic polymers has identified
several molecular parameters that strongly influence coacervation
behavior, including polymer molecular weight (23, 24), patterning
of charge groups on the polymer chains (25), and the local environ-
ment around charges (26). However, these studies investigated mix-
tures of polyanions and polycations at equal charge stoichiometry,
which is an extremely unlikely scenario in biological PECs. More-
over, most of these studies focused on the critical salt concentra-
tions that are generally much higher than physiological conditions,
making them less relevant for understanding biological PECs.

A challenge of studying PECs formed from nonstoichiometric
solutions is determining the concentrations of all ionic species
within each phase. The partitioning of PEs between coexisting
phases is critical for understanding the thermodynamics of coacer-
vation. Previous studies could not differentiate the concentrations
of polycations and polyanions and thus treated them as identical
(23, 24, 26), which is, at best, a poor assumption for nonstoichiometric
mixtures. Therefore, the compositions and phase behavior of PECs
with unequal PE stoichiometry remain largely unknown.

In parallel, much theoretical progress has been made to model
the coacervation process (27-29). The early work by Overbeek and
Voorn (30) embedded the Debye-Hiickel theory to the standard
expression for the solution free energy and described coacervation
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as a result of the competition between mixing entropy and electro-
static correlations. Since then, a wealth of molecular details, including
chain connectivity (31, 32), short-range ion binding (33-38), dipo-
lar interactions (39), and charge patterning and sequence (25, 40),
have been investigated. Most of these studies have followed the
experimental efforts and focused on stochiometrically symmetric
solutions. One notable exception is a recent study that examined
coacervation behavior following a variety of asymmetric mixing
protocols (41).

Here, we report joint experimental and theoretical efforts to
examine the role of mixing ratio in polyelectrolyte complex coacer-
vation. We prepared PECs using PEs with identical backbones and
oppositely charged side groups and quantified the concentrations of
all ionic species in both coacervate and supernatant phases using
fluorescent labeling of the PEs and inductively coupled plasma mass
spectroscopy (ICP-MS). These measurements allowed us to con-
struct full phase diagrams for each mixing ratio, which revealed a
hitherto unexplored “looping-in” phenomenon in the low-salt re-
gime for asymmetric (i.e., nonstoichiometric) mixing ratios. The
polymer concentrations in the coacervate were found to initially
increase and then decrease upon salt addition, in contrast to the
well-known “salting-in” behavior in stoichiometric mixtures, where
the polymer concentration decreases monotonically with increasing
salt concentration. We further confirmed the generality of our find-
ings by observing analogous phenomena in PECs prepared from
biomacromolecules, including polypeptides and polynucleotides.

To understand the origin of this looping-in behavior, we ana-
lyzed the experimental results using a model that combines the
short-range ion binding equilibrium and long-range electrostatic
interactions (37). In our recent work on stoichiometric solutions
(26), this model simultaneously captured the effects of polymer
molecular weight and local hydrophilicity on PEC formation. Here,
this model also captures the variation of phase diagrams with mix-
ing ratio and reveals the same looping-in phenomenon at low salt
concentrations. Examining the phase coexistence condition in the
low-salt regime showed that the looping-in behavior is closely tied
to the mixing entropy of counterions in the coacervate and the
strength of electrostatic correlations. We find that the abundance of
neutralizing counterions influences the partitioning of added salts
between the supernatant and coacervate, and consequently, the
variation of the polymer concentration in the coacervate, although
exactly how the polymer concentration changes, depends on the
treatment of electrostatic correlations.

RESULTS

Looping-in complexation in nonstoichiometric mixtures
Previous experimental PEC phase diagrams have either quantified
a single PE concentration (23, 26) or the total PE concentration
(2, 24) in the supernatant and coacervate phases. These measure-
ments are insufficient when oppositely charged PEs are mixed at
unequal ratios, as the stoichiometry of the coexisting phases is not
known a priori. We have synthesized charged polyacrylamides with
pendent ammonium or sulfate groups at identical chain lengths
(degree of polymerization, N = 50) and charge density from the
same narrow-disperse polymer precursor made by controlled radical
polymerization, following our recently reported method (26). To inde-
pendently quantify the concentrations of polycations and polyanions
in PECs, we developed a strategy to individually label the polyanions
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and polycations using two different fluorescent dyes with nearly
baseline separation in their ultraviolet-visible (UV-vis) absorption
spectra (Fig. 1A). Polycations were labeled with rhodamine B
(RB; Amax = 566 nm) at a fraction of approximately 1 per 10 polymer
chains and the polyanions with sulfo-cyanine5 (Cy5; Amax = 649 nm)
at a fraction of approximately 1 per 87 polymer chains. The average
degree of labeling on PEs was determined by the 'H nuclear magnetic
resonance (NMR) or UV-vis spectroscopy of labeled polymers (26).

These PEs were mixed at a total polymer concentration of 100 mM
and with varying stoichiometric ratios between oppositely charged
chains (see Materials and Methods for details on mixing protocols).
The fluorescent dyes attached to the polymers allowed for direct
visualization of the partitioning of oppositely charged PEs upon
phase separation. The blue tinted color was from the Cy5-labeled
polyanions, and the pink color was from the RB-labeled polyca-
tions. When the polyacrylamide PEs were mixed at a 1:1 ratio of
polyanions to polycations (A:C), and NaCl are added, whose
concentrations range from 0 to 1.2 M, the color intensity of the
supernatant phase clearly increased, indicating a higher PE concen-
tration in the supernatant phase (Fig. 1B). However, when mixed at
unequal stoichiometry at the same total polymer concentration
(100 mM), the color intensity of the supernatant without any added
salt was stronger than that with relatively low concentration of salt
(0.1 to 0.2 M). This phenomenon is in stark contrast to common
observations when PEs are mixed at equal stoichiometry: Increas-
ing salt concentration generally destabilizes the coacervate phase
and results in a greater concentration of polymers in the supernatant
(23, 24, 26). This regime of salt concentrations is relevant to the
physiological salt concentrations found in both the cytosol and
extracellular matrices of cells (about 0.15 M).

With the dual fluorescent labeling and ICP-MS techniques, we
were able to individually determine the concentrations of all species
in the supernatant and coacervate phases. This allowed us to gener-
ate phase diagrams in terms of the total ion and polymer concentra-
tions within each phase (Fig. 2). In these plots, the y axis represents
the total concentration of all salt ions, including the counterions of
the PEs, and the x axis represents the total concentration of both
polymers (in terms of repeat units). To guide the eye, data points
representing the coexisting coacervate and supernatant phases for
the 3:1 A:C mixing ratio are connected. These lines should not be
interpreted as tie lines because cations and anions are partitioned
differently between the two phases. The full coexistence condition is
a three-dimensional surface [see (41), Fig. 2, and fig. S12], and the
quantitative partition coefficients for individual polymers and ions
are shown in Fig. 3.

When polyanions and polycations were mixed at 1:1 molar ratio,
the phase diagram showed the typical open-dome shape, where the
width of the two-phase region beneath the dome decreased with
increasing added salt (Fig. 2). Binodal phase diagrams for PEs mixed
at an unequal stoichiometry showed decreased overall coacervate
stability. The two-phase regions became narrower with increasing
mixing asymmetry. The maximum ion concentrations, which are ob-
served from the points with the greatest amount of added salt on each
binodal phase diagram, also decreased slightly for nonstoichiometric
mixing.

For asymmetrically mixed solutions, a notably different trend in
phase diagram shape was observed at low salt concentrations. In
these cases, the total polymer concentration in the coacervate phase
initially increased for added salt concentrations between 0.05 and
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Fig. 1. Dual fluorescent labeling of polyacrylamides. (A) Chemical structures of RB-labeled polycations and Cy5-labeled polyanions, and the UV absorption spectra of
these PEs. (B) Photograph of phase separation upon mixing of oppositely charged PEs at different mixing ratios. Molar concentrations of added NaCl are labeled on top

of each sample tube. Photo credit: Junzhe Lou, Stanford University.
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Fig. 2. Nonstoichiometric phase diagrams for polyacrylamides. Experimental
phase diagrams for synthetic polyacrylamide PEs with different mixing ratios and a
total polymer concentration of 0.1 M.

0.25 M, before subsequently decreasing. This observation resulted
in a looping-in shape in the phase diagram. The looping-in shape
was observed when either polyanions or polycations were in excess,
which became more pronounced with greater extents of mixing
asymmetry (i.e., 3:1 as compared to 2:1 ratios). When the concen-
tration of added salt was above 1.0 M, asymmetric PECs became
homogeneous solutions, and phase separation ceased to occur,
analogous to the samples prepared at a 1:1 mixing ratio.

Typically, adding salt to a coacervate-forming system is expected
to destabilize the PECs until an upper maximum salt concentration
is reached, and a homogeneous solution reappears (i.e., salting-in).
This trend is exactly what we observed in the case of a 1:1 mixing
ratio. However, the looping-in shape of the phase diagram for
asymmetric mixing represents a salting-out phenomenon, where an
initially homogeneous solution spontaneously demixes once enough
salt is added so that the solution falls within the two-phase region.
The appearance of a salting-out phenomenon has been previously
described theoretically for solutions consisting of a single PE
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species (42). Given that equal mixing stoichiometry is an extreme
rarity in nature, this observed salting-out behavior under physio-
logically relevant salt concentrations hints at a means of controlling
PEC formation through perturbations in solution conditions.

Partitioning of PEs and small ions

A difficulty in the study of PECs is the quantification of the concen-
trations of all ionic species within the coacervate and supernatant
phases. Our dual fluorescent labeling of PEs allowed us to accurately
measure their concentrations and partitioning coefficients between
the coexisting phases (see Materials and Methods and Supplementary
Text for details on the quantification methods).

When polyanions and polycations were mixed at equal molarity,
their concentrations in the coacervate phase were nearly equal. In
contrast, when mixed at unequal ratios, the concentration asymme-
try between polyanions and polycations in the formed coacervates
was reduced compared to the stoichiometry of their initial loading.
These trends can be quantified by introducing the overcharging of
the coacervate, defined as

% Overcharging = 100 x ([A]/[C]-1) (1)

where [A] and [C] denote the concentrations of the polyanions and
polycations in the coacervate. Figure 3A shows that, for the asym-
metrically mixed solutions, the observed overcharging is significantly
less than the expected values based on the initial mixing ratios (shown
as dashed lines in Fig. 3A). This reduced overcharging was present
for solutions with excess polyanion (i.e., 2:1 and 3:1 A:C samples) or
polycation (i.e., 1:3 A:C sample). We note that, for the overcharged
coacervate to be electroneutral, an excess of oppositely charged
counterions must be present. The implication of these excess counterions
in the coacervate is explored further in our theoretical analysis.
ICP-MS has been widely used to detect elemental ions in solu-
tions with part per billion (ppb) level sensitivity and tolerance of a
background of other ions and molecules. The ICP-MS measurements
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Fig. 3. Polymer and ion partitioning of polyacrylamide coacervates. (A) Overcharging of the coacervate versus the total added ion concentration for different mixing
ratios. Dashed lines represent the ideal overcharging percentage based on the initial solution stoichiometry. (B and C) lon partition coefficients for (B) Na* and (C) CI” ions
as a function of added salt in the initial solution. The added NaCl concentration is the amount of salt added to the initial solutions and does not represent the total ion

concentration along the phase diagrams, which includes the counterions of the PEs.

allowed us to directly measure the partition coefficients of small ions,
defined by

Ay

[+]2/[+]1 (2)

Ao = [-1/[-] 3)
where [ + ] and [ — ] represent the concentrations of the cations and
anions, and the subscripts 1 and 2 denote the concentrations in the
supernatant and coacervate phases. A value of A, > 1 indicates
preferential partitioning of the ions to the coacervate phase, and A
< 1 indicates the opposite, i.e., ions prefer to enter the supernatant.

With equimolar polymer mixing ratios, we found that both A,
and A_ are less than unity for all added salt concentrations, indicat-
ing negative tie-line slopes and preferential ion partitioning to the
supernatant (Fig. 3, B and C). This observation is consistent with
previous experimental work and theoretical predictions (24). For all
the asymmetrical mixtures, both A, and A_ are greater than unity at
low salt concentrations and fall below unity at higher salt concen-
trations. This change in slope occurs at approximately the same salt
concentration where the looping-in behavior ends and the coacervate
polymer concentrations begin to decrease, suggesting that the vari-
ation in the coacervate polymer concentration is related to how ions
partition between the coexisting phases.

Asymmetric mixing of polypeptide and DNA solutions
To examine the generality of the observed looping-in phenomenon
for asymmetric mixtures, we studied PEs with different backbone
structures and charge moieties that have closer biological rele-
vance. We first examined PECs between charged polypeptides,
poly(p,L-glutamic acid) (PGA) and poly(1-lysine) (PLL). Both poly-
peptides were synthesized via N-carboxyanhydride (NCA) polym-
erization initiated by hexamethyldisilazane with controlled degree
of polymerization (N = 50) and low polydispersity. To accurately
quantify concentrations of these polymers, PGA was sparsely labeled
with Cy5 at an approximate fraction of 1 per 295 polymer chains
and PLL with fluorescein isothiocyanate (FITC) at a fraction of
approximately 1 per 32 polymer chains. These dyes have distinct
absorption peaks in UV-vis spectra to allow independent quantifi-
cation of each polypeptide in the two phases (fig. S10).

Phase diagrams for mixtures of PGA and PLL solutions are plotted
in Fig. 4A, where the y axis is the added concentration of NaCl
and the x axis is the total polymer concentration. In this case, the

Friedowitz et al., Sci. Adv. 2021; 7 : eabg8654 30 July 2021

individual ion concentrations were not determined by ICP-MS, so
the diagrams indicate only the concentration of salt that was added
to the solution. When PGA and PLL were mixed at 1:1 molar ratio
with an overall concentration of 100 mM, phase separation oc-
curred below the upper maximum salt concentration of 0.70 M
NaCl. The phase diagram for symmetric solutions showed a typical
open coacervation dome. When PGA and PLL were mixed at a
3:1 ratio, we again observed the looping-in phenomenon at low
NacCl concentrations between 0 and 0.25 M.

Using the charged polypeptides, we also visualized the dynamics
of coacervate formation and dissolution as salt was continuously
added to the system. When PGA and PLL were mixed at 9:1 ratio
with an overall concentration of 100 mM, a clear solution was
obtained without added salt (Fig. 4B). The addition of a small amount
of NaCl (0.1 M in the mixture) resulted in phase separation, indicating
the suspected salting-out behavior at low salt concentrations (mov-
ie S1). The volume of the added NaCl solution was small and had
negligible effect on the polymer concentrations in the mixture.
When more NaCl was added, the salting-in behavior was ultimately
observed, and the mixture turned clear again (Fig. 4B).

Next, we studied mixtures of PLL and single-stranded DNA
(ssDNA), a system that closely mimics the general components of
many liquid organelles [i.e., intrinsically disordered proteins and
polynucleotides; (17)]. Because of the limited DNA quantity, we use
turbidity measurements to quantify phase separation. Measuring
turbidity is a common method to study PECs (43, 44), although it
does not provide precise measurement of the extent of phase sepa-
ration. We measured the turbidity upon mixing the two polymers at
various stoichiometric ratios and an overall concentration of 8 mM
(Fig. 4C). When PLL and ssDNA were mixed at 1:1 molar ratio, the
turbidity was high at low salt concentrations (<0.6 M) and de-
creased rapidly at higher salt concentrations (>0.6 M). In contrast,
when the mixing ratios were unequal, with PLL:ssDNA = 3:1 or 7:1,
the turbidity was minimal without added salt but markedly increased
when 0.1 M of NaCl was added. Further increasing the salt concen-
tration resulted in a decrease in turbidity and ultimately the re-
appearance of a homogeneous solution.

Direct imaging of the coacervate droplets by confocal microscopy
confirmed the trend from turbidity measurements (Fig. 4D). At a
7:1 mixing ratio without added salt, very few coacervate droplets
(appearing green due to the FITC dyes labeled on PLL) were ob-
served upon mixing. When 0.2 M NaCl was added to the mixture,
the number and size of droplets increased significantly. When the
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Fig. 4. Nonstoichiometric coacervation of polypeptides and DNA. (A) Experimental phase diagrams for PGA and PLL with different mixing ratios at a total polymer
concentration of 100 mM. (B) Photograph of PGA and PLL at 9:1 mixing ratios containing 0, 0.1, and 0.9 M of NaCl, showing salting-out at low salt concentrations and
salting-in at high salt concentrations. Photo credit: Junzhe Lou, Stanford University. (C) Turbidity of PLL and ssDNA with different mixing ratios at an overall concentration
of 8 mM. (D) Confocal images of coacervates formed between PLL and ssDNA at a 7:1 ratio.

added NaCl concentration exceeded 1.0 M, the coacervate droplets
disappeared. These images are consistent with the looping-in be-
havior that we observed with the other polymer mixtures. Notably,
the added salt concentrations where looping-in occurs were again
between 0 and 0.2 M, which are close to the salt concentrations
under physiological conditions in the human body.

Opverall, the similar coacervation phase behavior observed for
different PEs, charged polyacrylamides, polypeptides, and DNA at
asymmetric mixing ratios suggests that this looping-in behavior is a
general phenomenon regardless of the specific PE chemistry.

Theoretical predictions of asymmetric phase diagrams

The phase diagrams and the looping-in behavior for polyacrylamide
PEs are captured by the theoretical model that we developed previ-
ously (26, 35, 37, 38). The model expresses the solution free energy
as a sum of the mixing entropy of all species, dispersion interac-
tions, and electrostatic correlations described by the random phase
approximation (RPA) (32, 37). The model optimizes the polymer
charge density by minimizing the solution free energy over the de-
grees of three reversible ion binding “reactions”: anion localization
near the polycations, cation localization near polyanions, and the
formation of interchain “ion-pairs” or cross-links between oppositely
charged polymers, i.e.,

eff
A+

(A)+(+) (A+) (4)

eff
C-

€)+(-) (C-) (5)

Friedowitz et al., Sci. Adv. 2021; 7 : eabg8654 30 July 2021

eff
AC

(A)+(C) (AC) (6)

Here, AGeAfi, AGeff, and AGfo: are the effective reaction free ener-
gies, which are each composed of a short-range contribution (denoted
AGa+, AGc-, and AGyc, respectively) and a long-range contribution
derived from the electrostatic correlation free energy. Full algebraic
details of our model are provided in Supplementary Text.

The coexistence diagrams are constructed by sweeping the
concentration of added salt for a fixed mixing ratio between the
polymers and balancing the chemical potential of each component
between the phases (see Supplementary Text). To quantitatively
capture the experimental trends, the binding free energies, AGa.,
AGc-, and AGyc, and the Flory-Huggins x parameter between the
polymer and solvent, ypw (the polycations and polyanions have
identical backbones and thus x parameters), are fit against the phase
diagram for the 1:1 A:C mixture. These parameters are then used to
predict the phase diagrams for the 2:1 and 3:1 A:C cases. Further
details on our phase diagram construction and fitting procedures
are provided in Materials and Methods.

The theoretical phase diagrams for 1:1, 2:1, and 3:1 A:C mixtures
are compared with the experimental data in Fig. 5, where the y axis
is the total ion concentration and the x axis is the individual polyanion
or polycation concentrations for each phase. The partition coeffi-
cients for cations and anions are individually shown in Fig. 6. The
result for the 1:3 mixing ratio is omitted because the prediction is
identical to that for the 3:1 mixture.

For the 1:1 mixture, the agreement between the experimental
data and theoretical prediction on the maximum salt concentration
and the coexistence window width is similar to our previous work
(26). Further, our theory predicts an ion-enriched supernatant
(negative tie-lines) for both cations and anions (Fig. 6, B and C), in
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Fig. 5. Theoretical predictions of phase diagrams prepared for mixtures of synthetic polyacrylamide PEs. Results for mixing ratios of (A) 1:1, (B) 2:1, and (C) 3:1
polyanion to polycation. Solid lines are theoretical predictions, and diamond markers are experimental data points. Fitting parameters: ypw = 0.5, AGay = AGc- = — 1.0,

and AGac = — 1.55 (see Materials and Methods).

agreement with the experimental data and previous reports (24, 44).
We note that, with different binding free energies, the sign of the
tie-line slopes may become positive, which highlights the impor-
tance of short-range interactions in quantitative predictions of coa-
cervation phase behavior (35, 38).

By using identical model parameters as for the symmetric case,
our theoretical predictions capture the variation of both the
polyanion and polycation concentrations for the asymmetric mix-
ing ratios, 2:1 and 3:1. In particular, the range of salt concentrations
(=< 0.5 M) over which the looping-in behavior is observed is nearly
quantitatively captured. The narrowing of the two-phase window
and the suppression of the maximum salt concentration with in-
creased concentration asymmetry are also consistent with the ex-
perimental trends.

On the other hand, the predicted polymer concentrations in the
supernatant are evidently lower than the experimental values. This
is especially true in the low-salt regime, where the theory predicts a
nearly polymer-depleted supernatant. Consequently, the ratio of
polymer concentrations in the coacervate is similar to the initial
solution, and the predicted overcharging is much higher than the
experimental observation (Fig. 6A). We attribute this discrepancy
to the treatment of the chains as flexible coils in the RPA expression
for the electrostatic free energy, which is known to overestimate
electrostatic correlations and significantly underestimate the super-
natant concentrations (45, 46). The small variations along the coa-
cervate branch at low salt concentrations in Fig. 5 (B and C) is a
result of this shift in polymer partitioning.

Both theoretical and experimental results show that the excess
counterions (the cations) are enriched in the coacervate at low salt
concentrations (Fig. 6B), which is required to neutralize the surplus
charge from the polyanions in the coacervate. Because the predicted
overcharging for asymmetric mixtures is higher than the experi-
mental values (Fig. 6A), the predicted partition coefficient A, is also
higher. Conversely, our theory predicts that the anions preferentially
partition to the supernatant at all salt concentrations, resulting in a
partition coefficient A_ less than unity (Fig. 6C). This apparently
contrasts with the experimental results: In the low-salt regime, the
anions are also enriched in the coacervate. Two factors may be
responsible for this discrepancy. First, the RPA-based treatment of
electrostatics significantly underestimates the supernatant polymer
concentrations, which affects how anions are partitioned. Second,
for strongly asymmetric mixtures at low salt concentrations, the co-
acervate sample volumes are extremely small (Fig. 1B, third row),
which increases the uncertainty in the measured salt concentrations.
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The different partitioning behavior for the cations and anions
can be reconciled by considering the electroneutrality constraint. In
an asymmetric PEC with excess polyanions, the cations are com-
posed of two groups, charge-neutralizing counterions and any ex-
cess cations due to salt addition. The counterion concentration is
fixed by the extent of overcharging of the coacervate. The excess
cations are found to be depleted from the coacervate at all salt con-
centrations, and the corresponding partition coefficient is identical
to that of the anions in the low-salt regime (fig. S11). The implica-
tion of this ion partitioning behavior on the looping-in phenome-
non is discussed in the next section.

Theoretical predictions on the width of the two-phase window
and the response to salt addition are sensitive to the conformational
properties of polymers. As demonstrated in fig. S12, we find that
chains with flexible, coil-like conformations result in the low-salt
looping-in behavior for asymmetric mixtures, yet stiffer rod-like
chains do not, resembling the results of a previous study (41). This
suggests that sufficiently strong electrostatic correlations, stemming
from the flexibility of coil-like chains, is needed to produce the
looping-in behavior, which contributes to the excess chemical
potential of ions, as we show explicitly in the next section (Eq. 9).
The strength of our theory is that it nearly quantitatively captures
the behavior for both symmetric and asymmetric mixtures. However,
as discussed below, a generic mechanism is at play, suggesting that
the looping-in behavior in nonstoichiometric solutions is universal,
and not strictly dependent on the details of our model.

DISCUSSION

Origin of looping-in coacervation at low salt concentrations
The emergence of the looping-in behavior in nonstoichiometric
solutions can be understood by considering the competition
between the entropy of counterions and the constraint of elec-
troneutrality. To see this, we examine the low-salt regime and focus
on the variation of the polymer concentration in the coacervate. In
stoichiometric solutions, the polymer concentration decreases when
salt is added, whereas in nonstoichiometric solutions exhibiting the
looping-in behavior, it increases. We show here that the depen-
dence of this limiting behavior on the mixing ratio is derived from
the standard phase coexistence condition.

The full coexistence condition for solutions containing four ionic
components involves 10 unknowns to be solved numerically: eight
compositions, the volume ratio of the coacervate, and the Galvani
potential (41, 42) between the two phases that is required to enforce
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charge neutrality (see Supplementary Text). In the low-salt limit,
however, our theoretical results in Fig. 5 suggest that, regardless of
the mixing ratio, the polymers are essentially depleted in the super-
natant, and they maintain the initial stoichiometric ratio in the
coacervate. For simplicity, we first assume that the polymers are
entirely depleted in the supernatant and then generalize the analysis
to more realistic scenarios. The coexisting phases (Fig. 7) are speci-
fied by the total polymer concentration in the coacervate ¢, the
total salt concentrations in the supernatant y; and coacervate y,
and the solution asymmetry factor (41)

_ 0aA—90c

"= 9atoc

(7)

where ¢, and ¢ are the initial polyanion and polycation concentra-
tions. The asymmetry factor varies from r = 0 in symmetric solu-
tions to 7 = 1 in solutions consisting of only polyanions and cations.
Electroneutrality in the coacervate is ensured by introducing coun-
terions with concentration rc¢,, equal to the charge disparity be-
tween the polyions, where ¢ is the charge density of the PEs. This
approximate treatment reduces the number of extra variables and
becomes increasingly accurate as the charge asymmetry increases.

In the binary limit (Fig. 7A), with no added salts, we have y; =y, =0.
The only ions present are those required to maintain electroneu-
trality in the coacervate. Under these conditions, the equilibrium
between the supernatant and coacervate can be treated as that be-
tween water and a semidilute polymer solution with concentration
0. Electroneutrality of the coacervate mandates that the concentra-
tion of counterions is 7o ¢,. The concentration ¢, is fixed by equat-
ing the osmotic pressure (or chemical potential of the solvent)
between the supernatant and coacervate (47). Its value varies
with the mixing ratio but always remains of order unity (see Supple-
mentary Text).

In the ternary mixture (Fig. 7B), the added salt partitions to the
supernatant and coacervate, with concentrations y; and y,. Two
types of salt ions are now present in the coacervate: added salt ions
with concentration y; and “bound” charge-neutralizing counterions
with concentration ro¢,. Phase coexistence requires additionally
the equality of chemical potentials of small ions that, for asymp-
totically small values of y; and y, can be written (see Supplemen-
tary Text)

In <M )

2 > = —u§1,2(¢2) ~ O(1)
Vi

Friedowitz et al., Sci. Adv. 2021; 7 : eabg8654 30 July 2021

A
B
®
®
@
(
. <
® ® Ms,1§= s, 2

II;:=1II,

Fig. 7. Schematic representation of the simplified equilibrium conditions at
low salt concentrations. (A) Binary system with no added salt, where a charge
asymmetric coacervate coexists with a pure water supernatant. Equilibrium between
the two phases is determined solely by the osmotic pressure balance. (B) Ternary
system where added salt partitions between the two phases to different extents, and
the polymer concentration adjusts in response to this. Equilibrium between the two
phases now requires balance of the osmotic pressure and salt ion chemical potentials.

The left-hand side of the equation arises from the mixing entro-
py of the anions and cations, while the right-hand side contains the
excess chemical potential in the coacervate due to electrostatic
interactions ugl,z. The excess chemical potential ug{z is finite and
determined by the polymer concentration ¢,. Balancing Eq. 8 re-
quires that the ratio of salt concentrations on the left-hand side be
of order O (1).

For symmetric solutions with r = 0, there are no charge-neutralizing
counterions. Their contribution to mixing entropy drops out, and
Eq. 8 requires that y; is comparable to and scales linearly with ;.
The ratio y,/y, defines the limiting slope of the tie-line connecting
the supernatant and coacervate phases. Its value is governed by the
form of ugl)z and depends on factors such as the conformational
properties of the PEs (see Supplementary Text).
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For asymmetric solutions with r = 1, the counterion concentra-
tion is high, and we have y, + 2r6¢; = 2rc ¢3. Substituting this
into Eq. 8 shows that y, ~ \I/f <V, in sharp contrast to the linear
scaling in the symmetric case. The quadratic scaling implies a nega-
tive tie-line slope in the low-salt regime. Because the concentration
of ions is already high in the coacervate, added salt tends to popu-
late the supernatant phase to maximize the mixing entropy.

The polymer concentration in the coacervate (¢,) then adjusts to
restore the osmotic pressure balance upon salt addition. For
symmetric solutions (r = 0), added salt partitions between the two
phases in proportion, with y, ~ y;, which increases the osmotic
pressures in both phases. However, the favorable electrostatic inter-
action between added salt (y;) and polymer in the coacervate
(¢) lowers the osmotic pressure. To make up for this difference, the
polymer concentration decreases. For asymmetric solutions (r = 1),
added salt mainly resides in the supernatant (y, < ;). To balance
the increased osmotic pressure in the supernatant, the coacervate
expels water, and the polymer concentration increases. The quanti-
tative details for this behavior are laid out in Supplementary Text.

The looping-in behavior can be rationalized by a crossover from
symmetric to asymmetric salt partitioning in weakly asymmetric
solutions. For solutions with small yet finite r values, in the low-salt
regime, we expect a crossover from symmetric (y; = y;) to asym-
metric (y, < y;) partitioning. Inspecting Eq. 8 shows that this
occurs at salt concentrations 2rc¢; ~ y, = ;. For counterion
concentrations below this threshold, symmetric partitioning domi-
nates, and the polymer concentration decreases; above this threshold,
asymmetric partitioning dominates, and the polymer concentration
increases with salt addition. This change in slope is responsible for
the observed looping-in behavior.

The above analysis assumes that polymers are depleted in the
supernatant, and the stoichiometry of the initial solution is maintained
in the coacervate, as was suggested by our theoretical predictions
(Fig. 5). A competing scenario is the following: The concentrations
of polyanions and polycations are equal in the coacervate, irrespec-
tive of their initial mixing ratio, and any excess polymer and coun-
terions remain in the supernatant (see Supplementary Text). An
analysis of the low-salt coexistence condition under these circum-
stances reveals a monotonic decrease in polymer concentration
with added salt. This scenario resembles more closely the predic-
tions for rod-like chains (fig. S12) and from a previous report (41)
where the looping-in shape is absent.

The salt partitioning in the low-salt regime for this scenario and
for more general composition profiles can still be analyzed by
generalizing Eq. 8. If the asymmetry factors for the two coexisting
phases are r; and r,, then the counterion concentrations are given
by |r;| 0¢;, where ¢; are the total polymer concentrations in each
phase. The chemical potential balance equation then reads

0 (‘I’z(‘vz +2[1r;] 662)

\ul(\ul+2|r1|o¢l)) = 101 -1 02) ~ 01) (9

Again, the left-hand side comes from the mixing entropy of the
small ions, while the right-hand side stems from the excess inter-
actions (e.g., electrostatic correlations) and is of order unity. For
asymptotically small values of y; and ,, the importance of counte-
rions is controlled by the asymmetry factors, and added salt will
populate the phase with fewer counterions. This feature underlies
the predicted behavior in our theoretical phase diagrams and is
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unique to nonstoichiometric PE mixtures where charge-neutralizing
counterions are prevalent.

However, we emphasize that the response of the polymer con-
centration in the coacervate depends on the specific form of excess
interactions. For instance, we find that electrostatic correlations for
flexible chains result in the looping-in shape (Fig. 5 and fig. S12), in
accordance with the qualitative picture discussed above, yet alterna-
tive treatments of electrostatics do not (41). Any excess contribu-
tions in addition to electrostatics will complicate this picture further.
Nonetheless, Eq. 9 makes it clear that the asymmetry factors r; and
12, alongside the charge neutrality constraint, play an important role
in determining the partitioning of ions and underlies the looping-in
behavior.

Summary

The looping-in behavior is observed in PECs formed from non-
stoichiometric PE mixtures at low salt concentrations. It is charac-
terized by an increase in the coacervate polymer concentration
when salt is added, in contrast to what is normally seen in stoichio-
metric mixtures. The phenomenon, demonstrated in solutions of
both synthetic polymers and of polypeptides and DNA over physio-
logically relevant salinity, is expected to be general.

A dual fluorescent dye-labeling strategy combined with ICP-MS
measurements was used to quantify the concentrations of all charged
species. This advancement allowed us to prepare phase diagrams
unambiguously. The partitioning of polycations, polyanions, and
salt ions between the coexisting phases were revealed, which al-
lowed us to quantitatively model the coacervation behavior using a
solution thermodynamic model that considers both short-range ion
binding and long-range electrostatic interactions. Our theory
captured the variation of experimental phase diagrams with the
stoichiometric ratio of the oppositely charged PEs and the looping-in
behavior at low salt concentrations. A general phase equilibrium
consideration showed that the looping-in behavior is attributed to a
competition of the mixing entropy of counterions and the electro-
neutrality constraint in the coacervate. Because excess charge from
most PEs must be balanced by counterions, added salt preferentially
accumulates in the supernatant to maximize its translational entro-
py, resulting in a salt-depleted coacervate, which ultimately causes
the polymer concentration in the coacervate to increase, to main-
tain the osmotic pressure balance between the two phases.

Three observations drawn from our study may be generic. First,
the concentration asymmetry between oppositely charged polymers
in the formed coacervate is reduced compared to the homogeneous
mixture (Fig. 3). Second, in strongly asymmetric mixtures, salt-
ing-out and salting-in behavior may both be present, resulting in a
looping-in or reentrant demixing transition. Third, any molecular
factors that cause an abundance of counterions to accumulate in the
coacervate phase, such as a severe mismatch in charge density, may
cause the looping-in behavior, which may rationalize the effect of
pH reported recently (48).

Our work directly addresses the effects of compositional hetero-
geneity on PEC formation, which is ubiquitous in biological PECs.
Biological PECs may consist of many types of charged biopolymers,
and the impact of asymmetry is likely prominent. A thorough investi-
gation of multiple types of heterogeneity, such as in PE flexibility
(49), charge density (48), or molecular weights, may help to further
our understanding of how seemingly nonspecific cellular LLPS
regulates biological functions with spatial and temporal precision.
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MATERIALS AND METHODS

Synthesis and fluorescent labeling of PEs

Polyacrylamides with pendant ammonium or sulfate groups at
identical chain lengths (N = 50) and charge density were synthe-
sized from the same narrow-disperse polymer precursor made by
reversible addition-fragmentation transfer (RAFT) polymerization,
following our recently reported method (26). PGA and PLL were
synthesized via NCA polymerization, following previously reported
procedures (50).

RB was conjugated to positively charged polyacrylamide according
to previously reported procedure (26). The fraction of dye-labeled
polycations was determined to be approximately 1 per 10 polymer
chains by 'H NMR spectroscopy. The concentration of polycations
was calculated by measuring the absorption at 566 nm for the labeled
polycation. Sulfo-Cy5-amine was conjugated to the carboxylate end
group from the RAFT agent on negatively charged polyacrylamide
via carbodiimide coupling. The fraction of dye-labeled polyanions
was determined to be approximately 1 per 87 polymer chains based
on the measured absorption and extinction coefficient at 649 nm.
Sulfo-Cy5-amine was conjugated to the carboxylate groups on
negatively charged PGA via carbodiimide coupling. The fraction of
dye-labeled PGA was determined to be approximately 1 per 295
polymer chains based on the measured absorption and extinction
coefficient at 649 nm. FITC was conjugated to the amine groups on
negatively charged PLL. The fraction of dye-labeled PLL was deter-
mined to be approximately 1 per 32 polymer chains based on the
measured absorption and extinction coefficient at 494 nm.

Mixing of oppositely charged PEs at various stoichiometries had
a negligible effect on the extinction coefficients of the labeled dyes
(fig. S2), making the dual-fluorescent labeling a convenient means
to independently and accurately quantify oppositely charged PE
concentrations in different phases.

Measurement of experimental phase diagrams

Solutions of anionic and cationic PEs were mixed at an overall polymer
concentration of 100 mM with varying added NaCl concentrations
from 0 to 1.2 M. For charged polyacrylamides, the pH value of stock
solutions was adjusted to 4.2 using 1 M HCI, while for charged poly-
peptides, the pH value of stock solutions was adjusted to 7.4 using
1 M NaOH. The jon content in the solutions included a baseline of
100 mM of Na" and CI” counterions from the PEs (split between
cations and anions, depending on the mixing ratio), as well as any
additional ions from the added salt. Mixtures were further equili-
brated at room temperature for another 2 days before measurement
of polymer concentrations. The volume of each phase in the
phase-separated mixtures was measured by a calibrated pipet. The
solution phase was diluted before the measurement of polymer con-
centration using the calibration curve of labeled fluorophore. The
coacervate phase was lyophilized and redissolved in 1 ml of NaCl
solution (2 M) before further dilution for measurement. Polymer
concentrations in the solution phase and coacervate phase were
quantified using the calibration curve. Three independent experi-
mental replicates were performed for all data points to construct the
phase diagrams.

For the PECs formed from polyacrylamides, Na* and Cl™ con-
centrations were measured using ICP-MS. A standard calibration
curve was first generated by measuring NaCl solution at different
concentrations. All measurements were performed by diluting a
measured small aliquot of the coacervate or supernatant to deionized
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water containing 0.5 mM KOH, which was used to prevent phase
separation during dilution by deprotonation of polycations in the
mixture. The solution phase was directly diluted for measurement.
The coacervate phase was first lyophilized and redissolved in 200 pl
of KBr solution (1 M) before further dilution. Three independent
experimental replicates were performed for all data points to
construct the phase diagrams.

Calculation of theoretical phase diagrams

Theoretical phase diagrams were constructed in a manner that
resembles the experimental mixing protocol. The initial solution
compositions were specified at a total polymer concentration of 100 mM,
split between polyanions and polycations based on the stoichiometric
mixing ratio. A baseline concentration of counterions was also add-
ed to match the PE charge and maintain electroneutrality in the
bulk solution. For any initial solution composition, the supernatant
and coacervate concentrations were determined by balancing the
chemical potential of each component between the phases (see Sup-
plementary Text for more details). Full coexistence diagrams were
obtained by screening the amount of added salt and calculating the
coexistence condition at each point until reaching the upper maxi-
mum ion concentration at which phase separation ceased to occur.
Because of the fixed, initial polymer concentration, this upper point
on the binodal diagram was found to fall off-center from the true
maximum jon concentration within the two-phase region, as indi-
cated by the clipping of the binodal curves at high salt concentra-
tions in Fig. 5.

To match the theoretical predictions with the experimental
phase diagrams, the model parameters were determined as follows:
The structural parameters for the PEs and salt ions were estimated
from experimental data. The monomeric volumes and the chain
lengths were calculated in reference to a reference volume 1 = 0.03 nm’,
i.e., the volume of water molecule. On the basis of this reference, we
set the polyanion and polycation chain lengths at Ny = N¢ = 50,
the monomeric volumes at ms = wc = 10, and the ion volumes at
®, = o_ = 3. The large ion volumes could be envisioned to represent
the solvation shell sizes in aqueous solutions (38). Last, the statisti-
cal segment lengths of the chains were set to by = 0.75 w}f and
bc = 0.75 (1)(1:/ ?, comparable to the monomeric diameter. The Flory-
Huggins parameter between polymer and solvent was held at xpw = 0.5,
which is expected for polymers in 0 solvent. The binding free ener-
gies were tuned so that the theory matches the maximum salt con-
centration for the 1:1 mixture, giving AGa+ = AGc- = — 1.0kgT and
AGac = — 1.55kgT, consistent with the range of values reported in
literature (51, 52). These values were then used to calculate the full
phase diagram for the 1:1 A:C mixture and to predict the phase
diagrams for the 2:1 and 3:1 A:C mixtures.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/31/eabg8654/DC1
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