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Complex coacervation plays an important role in various fields. Here, the influences of the backbone
chemistry and ionic functional groups of five pairs of oppositely charged polyelectrolytes on complex
coacervation were investigated. These pairs include synthetic polymers with aliphatic hydrocarbon
backbones, peptides with amide bonds, and carbohydrates with glycosidic linkages. Despite sharing
identical charged groups, specific pairs displayed distinct liquid/liquid and liquid/solid phase
separations depending on the polyelectrolyte mixing ratio, buffer, and ionic strength. The coacervate

phase boundary broadened in the orders: glycosidic linkages > amide backbone > aliphatic
hydrocarbon backbone, and Tris-phosphate > Tris-acetate > Tris-chloride buffers. Coacervates
prepared from polyelectrolytes with lower solubilities in water resisted disassembly at high salt
concentrations, and their merge rate was slow. These observations suggest that the hydrophobic
segments in polyelectrolytes interfere with the formation of complex coacervates; however, following
coacervate formation, the hydrophobic segments render the coacervates stable and elastic.

Coacervation, which is also known as liquid-liquid phase separation
(LLPS), refers to the spontaneous separation of dissolved macromolecules in
an aqueous solution to generate two distinct phases, namely a polymer-rich
dense coacervate phase and a polymer-depleted dilute phase'”. This process
is driven by a multitude of attractive forces including electrostatic interac-
tions, cation-m interactions, hydrogen bonds, hydrophobic interactions,
and van der Waals forces™".

Complex coacervation, which is propelled by the electrostatic asso-
ciation between oppositely charged polyelectrolytes, has been extensively
investigated using a wide range of synthetic polymers and biopolymers, such
as proteins and carbohydrates™. Its importance transcends various fields,
including materials science, food technology, pharmaceuticals, and biolo-
gical systems’™".

Thermodynamically, complex coacervation can be viewed as a two-
stage process involving the formation of polyion pairs through the

complexation of polycations and polyanions, followed by condensation of
the polyion pairs to generate the coacervate phase'*'". Notably, the first stage
corresponding to ion pairing is characterized by substantial entropic con-
tributions in their free energy changes, which are commonly believed to be
due to counterion release upon complexation between the oppositely
charged polyelectrolyte chains'*™'“. However, recent findings from coarse-
grained simulations have revealed the significance of solvent reorganization
as a major entropic component". Furthermore, experimental evidence
suggests that partial dehydration plays a role in driving complex
coacervation'®, thereby highlighting the growing importance of polyelec-
trolyte hydration properties in complex coacervation.

Complex coacervation is also intricately influenced by several other
factors, including the molecular weight, charge density, polymer archi-
tecture, charged structures, and hydrophilicity of the involved species. As a
result, the resulting coacervate phases exhibit a diverse spectrum of material
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and physical properties, ranging from liquid-like to gel- or solid-like states.
For instance, in complex coacervations involving polypeptides or synthetic
polymers bearing polyethylene-, polymethacrylate-, and polyether-based
backbones, increases in the molecular weight and charge density tend to
broaden the phase boundary and can even induce precipitation in certain
cases'". In addition, the guanidinium ionic groups of arginine have been
reported to contribute to a larger two-phase region and a more viscous
coacervate phase than the ammonium ionic groups of lysine'”*'. Although
significant progress has been made in elucidating the molecular char-
acteristics that govern coacervation with synthetic polymers, the direct
translation of this knowledge to proteins or carbohydrates remains an
ongoing area of research. To date, a range of synthetic polymers with diverse
backbone chemistries and structures have been studied. In terms of natural
polymers, proteins are composed of peptide backbones, while the majority
of carbohydrates are composed of furanose and/or pyranose rings. Given
the critical role of the polymer backbone with respect to its hydration during
folding and nucleation’>”, this disparity in the backbone composition is
likely to result in different complex coacervation properties.

Thus, the current study aims to systematically compare complex
coacervation using a range of synthetic polymers, peptides, and carbohy-
drates with similar molecular weights (3-7 kDa) and ionization degrees.
Relatively low-molecular-weight polyelectrolytes are used to rule out the
contribution of chain entanglement. The selected cationic polyelectrolytes
include poly(2-aminoethyl methacrylate) (PAEMA) with an aliphatic car-
bon backbone, e-poly-L-lysine (¢PolyK) and a-poly-L-lysine (aPolyK) with
ammonium groups, and protamine, an arginine-rich peptide (~65mol%
arginine;, MPRRRSSSRPVRRRRRPRVSRRRRRGGRRRR)  possessing
numerous guanidinium groups. Notably, protamine lacks lysine and other
anionic or aromatic amino acids. For the anionic polyelectrolytes bearing
carboxyl groups, poly(methacrylic acid) (PMAA) with an aliphatic carbon
backbone, a-poly-L-aspartic acid (PolyD) with a peptide backbone, and
hyaluronic acid (HA) composed of D-glucuronic acid and N-acetyl-D-
glucosamine are employed. Given that charged peptides typically feature
positively charged amine and guanidinium groups, as well as negatively
charged carboxyl groups, this study aims to establish a better understanding
of the physical chemistry of coacervate systems. Moreover, to understand
the effects of different backbones and ionic functional groups on complex
coacervation, five pairs of cationic:anionic polyelectrolytes are examined for
complex coacervation, namely PAEMA:PMAA, ePolyK:PMAA, oPo-
lyK:PMAA, Protamine:PMAA, PAEMA:PolyD, and PAEMA:HA. This is
achieved through variation in the weight ratios of the two oppositely

charged polyelectrolytes. Subsequently, the influences of the polyelectrolyte
backbone chemistry on the coacervation tendencies in response to different
buffers and salt concentrations are evaluated, as well as the viscoelastic
properties of the resulting coacervates. This comparative approach aims to
highlight the underlying principles of complex coacervation across diverse
molecular species.

Results

Polyelectrolyte solubility in different buffer systems

Initially, ePolyK, aPolyK, Protamine, PolyD, and HA with similar ionization
degrees and molecular weights (3-7 kDa) were prepared, as outlined in
Fig. 1. More specifically, to prepare synthetic polymers with the same
number of charged moieties, PMAA and PAEMA with a degree of poly-
merization (DP) of 40 were employed. A well-controlled DP was success-
fully obtained for each polymer with a desired monomer conversion, DP,
and polydispersity index (PDI) being confirmed by "H nuclear magnetic
resonance (NMR) spectroscopy and gel permeation chromatography
(GPC) (Supplementary Figs. 1-2). To assess the impact of the polyelec-
trolyte hydration properties on complex coacervation, the solubility of each
polyelectrolyte was measured in an aqueous buffer (Table 1). Since the
polymer solubility can be influenced by a wide range of factors, such as the
temperature, pH, salt content, and buffer composition, a 19 mM Tris-
chloride (Tris-Cl) buffer at pH 7.5 was employed due to its ability to dissolve
all polyelectrolytes at room temperature. Saturated solutions were prepared
by collecting the supernatants of the supersaturated polyelectrolyte solu-
tions after centrifugation. The solubility of each polyelectrolyte was quan-
tified by measuring the weights of the dried saturated solutions of specific
volumes. It was found that the solubilities of ePolyK (326.67 mg/mL) and
aPolyK (>1000 mg/mL) were approximately one order of magnitude higher
than that of PAEMA (63.33 mg/mL), despite both sharing the same ionic
functional group. This suggests that ePolyK and aPolyK, which each possess
a peptide backbone, are more hydrophilic than PAEMA, which possesses an
aliphatic hydrocarbon backbone. Additionally, the higher solubility limit of
aPolyK compared to that of ePolyK clearly demonstrates the influence of the
backbone hydrophilicity, since these two structures exist as two different
isoforms of the same species. In the case of protamine, at concentrations
>40 mg/mL, simple coacervation occurred, characterized by a spherical
shape, indicating that phase separation driven by hydrophobic
arginine-arginine stacking had taken place’. The occurrence of simple
coacervation in protamine, rather than precipitation, suggests that prota-
mine exhibits a greater degree of hydration. Nonetheless, it should be
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Table 1 | Average degrees of polymerization, molecular weights, solubilities, and SASA values of the polyelectrolytes

Polyelectrolyte Degree of polymerization® Molecular weight® (g/mol) Solubility (mg/mL) SASA(A2)°
PAEMA 40 7098 63.33£9.43 954
ePolyK 30 4000 326.67 +81.34 1309
aPolyK 30 4900 >1000 1219
Protamine® 31 4068 <40 1383
PMAA 40 3750 >1000 757

PolyD 30 4100 >1000 816

HA 12 5000 >1000 2196

All experiments were conducted in triplicate, and the data are presented as mean values + SD.

“For PAEMA and PMAA, the values are determined using Eg. (2) in the “Methods” section. For protamine, the value indicates the number of amino acids in the primary sequence.

°For PAEMA and PMAA, the average molecular weights were determined using Eq. (1) in the “Methods” section. The average molecular weight was determined as per the manufacturer’s specifications.
°SASA calculations were performed on a pentamer, with polyarginine serving as the basis for protamine analysis, as detailed in the “Methods” section.

9The solubility of protamine was determined through turbidity measurements, which marked the transition from a two-phase to a one-phase solution.

noted that coacervation is more favored in its salt form (i.e., protamine
sulfate), as shown in Supplementary Fig. 3. In the case of dialyzed protamine
(protamine sulfate thoroughly dialyzed against deionized water), its coa-
cervation assembly in the 19 mM Tris-HCl buffer pH 7.4 was also observed
using a microscope. At 40 mg/mL, the dialyzed protamine still underwent
coacervation, although the yield of coacervates was smaller than that
observed in the case of protamine sulfate. We also confirmed that coa-
cervation is more dominant at a higher concentration of 100 mg/mL. This
demonstrates that although protamine on its own undergoes simple coa-
cervation above 40 mg/mL, the impact of counter ions (i.e., sulfate) should
also be considered. Among the anionic polyelectrolytes, PMAA, PolyD, and
HA exhibited significantly higher solubilities than the cationic polyelec-
trolytes, exceeding 1000 mg/mL. However, measuring the solubility beyond
1000 mg/mL was not feasible because of the large volume of polymer
powder required, and the high viscosity of the resulting solution.

Subsequently, density functional theory (DFT) calculations were
employed to further explore the solubility differences between polyelec-
trolytes. This involved calculating the optimized structures and atomic
charges of the polyelectrolytes. Their solvent accessible surface areas
(SASAs) were also determined, along with their atomic charge distributions.
Additional details are provided in the “Methods” section.

Based on the calculation results, the main difference between the
cationic polyelectrolytes was determined to be the optimized structure.
More specifically, PAEMA exhibits a short backbone with long, radiating
side chains, while ePolyK features a long backbone and no side chains,
resulting in a linear elongated shape (Supplementary Fig. 4a and b). This
leads to different levels of accessibility in a solvated environment, wherein
ePolyK exposes nearly all atoms, while PAEMA, which contains many
overlapping areas, exposes relatively fewer atoms, as verified by the
computed SASA values (Table 1 and Supplementary Fig. 5). More spe-
cifically, the larger SASA value of ePolyK (1309 A% compared to that of
PAEMA (953 A?) indicates that ePolyK is more hydrated. Thus, despite
their identical charged groups, the different backbone shapes render
ePolyK more soluble than PAEMA. Similar to PAEMA, poly-arginine, a
simplified model that was used herein to represent protamine, possesses a
short backbone bearing long side chains (Supplementary Fig. 4c). How-
ever, due to its B-sheet-like structure, the overlapping areas are expected to
be much smaller, as evidenced by its SASA value, which is comparable to
that of ePolyK (Table 1). Poly-arginine is therefore expected to maintain
its hydrated state without undergoing precipitation. Moreover, the
amphiphilic and quasi-aromatic properties of the arginine guanidine
group likely promote 1 stacking and lead to the formation and stabiliza-
tion of simple coacervation?***, In the cases of ePolyK (1309 A% and
aPolyK (1219 A?), only a minor difference was observed between their
SASA values. This was likely due to the limitations of the pentamer system
since discernable differences were observed in the experimental results (as
detailed in the subsequent sections).

For the anionic PMAA and PolyD species, no significant variations
were found for their optimized structures or SASA values (Table 1 and
Supplementary Fig. 6a and b). However, their atomic charges differed,
demonstrating that the peptide backbone of PolyD possesses a distinct and
wider range of charges than the hydrocarbon backbone of PMAA (Sup-
plementary Fig. 7). Such a discrepancy in the charge distribution, which
originated from the backbone type, will therefore be expected to influence
the interaction strengths between these species and the cationic polyelec-
trolytes, ultimately leading to different coacervation behaviors. It was also
found that the optimized structure of hyaluronic acid (HA) was linear and
that the SASA value of this species was exceptionally large (Table 1 and
Supplementary Fig. 6¢). Thus, the large accessible area of HA, along with its
abundant hydroxyl groups, should promote interactions with water mole-
cules and ions to render HA highly soluble.

Effect of the polycation:polyanion ratio on the phase behavior
Subsequently, the coacervation phase behavior was observed as a function of
the cationic:anionic polyelectrolyte mixing ratio using 10 mM Tris-Cl buffer
(pH 7.5, Fig. 2a—e). This assessment was conducted by measuring the
relative turbidity and by observing the liquid-liquid phase separation using
an optical microscope.

In the PAEMA:PMAA, €PolyK:PMAA, and Protamine:PMAA sys-
tems, precipitates were observed by optical microscopy at all mixing ratios
evaluated herein (marked with an “X” in Fig. 2a—c, see also Supplementary
Figs. 8-10). However, for the PAEMA:PolyD and PAEMA:HA systems,
broader coacervate ranges were observed (marked as filled circles in Fig. 2d
and e, see also Supplementary Figs. 11 and 12).

In the cases of the PAEMA:PMAA, ePolyK:PMAA, and Protami-
ne:PMAA systems in 10 mM Tris-Cl buffer, precipitation occurred at all
mixing ratios, rendering it difficult to observe any coacervation tendencies.
To address this, a higher-ionic-strength buffer was employed (19 mM Tris-
Clbuffer, pH 7.5) to investigate the formation of coacervates through charge
screening (Supplementary Fig. 13). Under these conditions, coacervates
were formed at narrow regions where, in most cases, the turbidity reached a
maximum value (marked as filled circles in Supplementary Fig. 13a—c). This
aligns with a previous study showing that coacervates are dominant at their
maximum and net charge points”**. For the majority of other mixing ratios,
precipitates were noticeable under optical microscopy observations
(marked with an “X” in Supplementary Fig. 13a-c). Interestingly, the
aPolyK:PMAA pair formed coacervates at all phase-separated mixing
ratios, highlighting the substantial influence of the backbone hydro-
phobicity on the phase behaviors of such polyelectrolyte complexes (Sup-
plementary Fig. 14e and h). In the case of the PAEMA:PolyD and
PAEMA:HA pairs, coacervates were observed at almost all phase-separated
mixing ratios; however, their phase separation propensities decreased
compared to those observed in the 10 mM buffer, and this was attributed to
the increased ionic strength.
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Fig. 2 | Complex coacervation behaviors in different buffers. Schematic repre-
sentation (top) and plots of turbidity vs. the polymer mixing ratio (bottom) for phase
separation. a—e In Tris-Chloride (Tris-Cl) buffer; (f-j) In Tris-Acetate (Tris-Ac)
buffer; (k-o) In Tris-Phosphate (Tris-Po) buffer. Black plots = PAEMA:PMAA
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observed using an optical microscope. The open markers indicate the mixing ratios
wherein phase separation did not occur. The X marks indicate the mixing ratios
wherein aggregation was observed. The gray region in each phase diagram repre-
sents the coacervation region where phase separation of the polyelectrolytes occurs.
Each data point is based on at least three replicate experiments carried out for each
respective polyelectrolyte.
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1 mg/mL, and the samples were analyzed immediately after complexation. The error
bars indicate the standard deviations determined from three separate
measurements.

Given that the tight binding of molecules and the corresponding
expulsion of water and counterions leads to precipitation, the coacervate
phase region can provide insights into the hydrophobicity of a polyelec-
trolyte. While a direct comparison of the solubilities of PMAA, PolyD, and
HA poses challenges due to their high solubilities (i.e., >1000 mg/mL), the
observed coacervate phase regions suggest that both PolyD (with an amide
backbone) and HA (with a carbohydrate backbone) are more hydrophilic
than PMAA (with an aliphatic chain). Notably, this observation correlates
with the DFT calculation results. Moreover, when comparing the coacervate
phase regions of ePolyK:PMAA and ePolyK:HA, in addition to those of
Protamine:PMAA and Protamine:HA, in 19 mM Tris-HCI buffer pH 7.4
(Fig. 2b and ¢, see also Supplementary Fig. 15), it was clear that coacervate
formation was more favored in the HA combinations. This preference is
likely due to the higher hydrophilicity of HA (Supplementary Fig. 15). This
can be further supported by the refractive index and average droplet size
(Supplementary Fig. 16), which showed a tendency toward a negative
correlation. This implies that coacervates with larger sizes, such as the
PAEMA:HA and PAEMA:PolyD pairs, are more hydrated, resulting in a
lower refractive index”. These results therefore demonstrate that the mixing
ratio of oppositely charged polyelectrolytes affects the phase behavior, and
that the solubility of the polyelectrolyte plays a crucial role in determining
the coacervate region.

Effect of the buffer anions on complex coacervation

To further investigate the impact of buffer ions on complex coacervation,
different salts were introduced into the Tris buffer, namely chloride, acetate,
and phosphate, denoted as Tris-Cl, Tris-Ac, and Tris-Po, respectively
(10 mM, pH 7.5). By analyzing the turbidity and microscopic images, shifts
in the coacervate and precipitate phase regions of certain polymer pairs were
observed (Fig. 2 and Supplementary Figs. 8-12). In all cases, the liquid
coacervate regions expanded in the order: Tris-Cl < Tris-Ac < Tris-Po
buffers. More specifically, in the case of the PAEMA:PMAA, ePo-
lyK:PMAA, and Protamine:PMAA pairs, the precipitate phase dominated
when dissolved in the Tris-Cl buffer. However, when dissolved in the Tris-
Ac buffer, the coacervate regions were broadened. Intriguingly, in the Tris-
Po bulffer, all precipitate regions vanished, and coacervates formed at all
phase-separated ratios. Moreover, the PAEMA:PolyD and PAEMA:HA
pairs predominantly formed coacervates in the Tris-Cl buffer, although
precipitates were observed at certain mixing ratios. Similar to the behavior of
the PAEMA:PMAA, ePolyK:PMAA, and Protamine:PMAA pairs, in both
the Tris-Ac and Tris-Po buffers, the PAEMA:PolyD and PAEMA:HA pairs
exclusively formed a coacervate phase (Fig. 2d, i, n, e, j, 0, and Supple-
mentary Figs. 11 and 12). Considering that a broader coacervate phase
region is indicative of hydrated and loosely formed complexes, these results

are consistent with the solubility outcomes. Specifically, the significantly
broader coacervate region observed for the ePolyK:PMAA pair compared to
the PAEMA:PMAA and Protamine:PMAA pairs correlates with the higher
solubility of ePolyK. Notably, the observed increase in the coacervate phase
region according to the order chloride < acetate < phosphate, represents an
inversion of the Hofmeister series”.

Effect of the salt on complex coacervation

As mentioned previously, electrostatic interactions play a critical role in
driving complex coacervation. Owing to the screening effect of salts on the
polyelectrolyte charges, the addition of a salt induces disassembly of
the complex coacervation system. The amount of NaCl required to dissolve
the coacervates (referred to as the salt resistance, C*) depends on the
interaction strength between the polymers. Thus, the salt resistance of each
polymer coacervate pair formed at the optimal stoichiometry was deter-
mined by adjusting the NaCl concentration until the turbid coacervate
suspension (indicated by filled marks) transformed into a uniform liquid
phase (indicated by open marks) (Fig. 3). From this point onward, the
experiments were conducted using 19 mM Tris-Cl buffer at a mixing ratio
favoring coacervate formation rather than precipitation. The complex
coacervation of the PAEMA:PMAA pair exhibited the highest salt resis-
tance, remaining stable up to a NaCl concentration of 1.5 M. The salt
resistance of the other pairs followed the order: ePolyK:PMAA at 1.2 M
NaCl > Protamine:PMAA at 1.0 M NaCl > aPolyK:PMAA and PAEMA:-
PolyD at 0.8 M NaCl > PAEMA:HA at 0.5 M NaCl.

Overall, the obtained results demonstrated a negative correlation
between the solubility and simulation outcomes. The maintenance of coa-
cervates at higher salt concentrations indicates that complexation and
coacervation contributed not only to the electrostatic attractions but also to
other non-ionic interactions. To investigate the impact of hydrophobic
interactions, 10% 1,6-hexanediol was introduced into each coacervate pair
dissolved in 19 mM Tris-Cl buffer (pH 7.4) containing 100 mM NaCl
(Supplementary Fig. 17). The reduction in ionic strength caused by the
presence of NaCl was expected to facilitate the observation of hydrophobic-
driven coacervates. In addition, the presence of 1,6-hexanediol, a weak
hydrophobic interaction disruptor’*, was anticipated to provide insights
into the role of hydrophobic interactions in coacervate formation. In the
case of the PAEMA:PMAA pair, coacervate deformation was observed after
the addition of 1,6-hexanediol. This indicates that hydrophobic interactions
stemming from their hydrophobic aliphatic backbones played a significant
role in driving coacervate formation. Conversely, in the case of the highly
hydrated PAEMA:HA pair, the contribution of the hydrophobic interac-
tions to maintaining LLPS seemed to be weaker. Taking the above results
into account, the PAEMA:HA pair was considered to be mainly dependent
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Fig. 4| Coalescence behaviors of the complex coacervates. a Representative images
of the complex coacervate droplets formed in the 19 mM Tris-Cl buffer. For imaging
purposes, all liquid/condensate pairs were prepared at the maximum fixed total
polymer concentration (i.e., Cp = 1 mg/mL). The time scale units are seconds (s),
and the scale bars are 5 uM in all images. b Relaxation time vs. length scale for each

polymer pair. The inverse capillary velocity values (s/um) are indicated for each pair.
All samples were prepared using the optimal stoichiometry. Each data image is
representative of the observed behavior from at least three test replicates of each
respective polyelectrolyte pair.

on electrostatic interactions. Additionally, it was observed that oPo-
lyK:PMAA coacervates bearing a shorter backbone chain disappeared at a
lower NaCl concentration than the ePolyKiPMAA coacervates (Supple-
mentary Fig. 14), indicating that a more hydrophobic backbone contributes
to an improved salt resistance. This agrees with previous findings, in which
the phase separation of complex coacervates is also dependent on the
hydrophobic interactions present in a high-salt regime”.

Coalescence behaviors of the complex coacervates

Having demonstrated that both the polymer backbone and the ionic
functional groups can influence the phase separation properties of complex
coacervates, the ability of these polyelectrolyte characteristics to be mani-
fested in the viscoelastic properties of the resulting coacervates was eval-
uated. Thus, to characterize the viscoelastic properties of the coacervates, the
coalescence behaviors of five pairs of complex coacervates were observed,
focusing on the mixing ratios at which the coacervates exhibited the max-
imum turbidity. As shown in Fig. 4a, when the two liquid droplets come into
contact, they merge into a single ellipsoidal liquid body, which subsequently
relaxes from this deformed state to yield a spherical shape. The linear slopes
obtained for the relaxation time curves of the coalescing coacervates were
then used to determine the ratio (n/y) of the viscosity () to the surface
tension (y), which is otherwise known as the inverse capillary velo-
city (Fig. 4b).

It was found that the coacervates formed by the aliphatic synthetic
polymer pair (ie, PAEMA:PMAA, ~38.85s/um) exhibited an approxi-
mately three-fold slower fusion than the ePolyK:PMAA coacervates
(~13.92 s/um), wherein ePolyK shares the same ionic functional groups as
PAEMA but possesses a peptide backbone. Additionally, the coacervates of
the Protamine:PMAA pair exhibited an approximately two-fold slower
fusion (~29.90 s/um) than that of the ePolyK:PMAA coacervates. This
finding agrees with previous literature™', suggesting that arginine is more
hydrophobic than lysine and that it contributes to the enhanced physical
properties of arginine-rich coacervates. Similarly, despite the fact that PolyD
shares the same ionic functional groups as PMAA and possesses a peptide
backbone, the PAEMA:PolyD coacervates (~0.06 s/um) exhibited a sig-
nificantly faster rate of fusion than the PAEMA:PMAA coacervates
(~38.85 s/um). This result indicates that more hydrated peptides undergo
faster fusion than aliphatic synthetic polymers. Furthermore, it was found

that the coacervates of the PAEMA:HA pair fused quickly with an inverse
capillary velocity of ~0.12s/um. Since the hindered relaxation process
represents the solid-like properties of a coacervate with viscoelastic prop-
erties, this finding highlights the influence of the hydration properties of the
polyelectrolyte backbone on the material properties of the resulting
coacervate.

Discussion

The pioneering observation of coacervates dates back to the mixing of
gelatin as a polycation and gum Arabic as a polyanion in an aqueous
medium™. Subsequently, an array of coacervate systems exhibiting diverse
properties were elucidated through the use of various peptides, carbohy-
drates, or polymer-based polyelectrolytes. Notably, coacervates have
recently gained public attention as bimolecular condensates in the context of
LLPS within cellular environments, and in vitro models have also been
developed that replicate the behavior of membrane-less organelles (MLOs).
Nevertheless, the intrinsic complexities arising from the diverse primary
sequences exhibited by proteins and the challenges posed by controlling the
molecular weights of polysaccharides have led to systematic investigations
of the physicochemical properties of biomacromolecule-based coacervates.
In contrast, the utility of polymer-based polyelectrolytes, whose molecular
weights can be controlled by varying the degree of polymerization and the
incorporation of specific functional groups, affords a simplified system. This
enabled a more systematic exploration and interpretation of the properties
inherent to biological coacervates and condensates. In the current study, the
properties of five different complex coacervation pairs were systematically
characterized based on five factors, namely the solubility, the mixing ratio,
the buffer specificity, the salt resistance, and the coalescence rate. The
polyelectrolytes in this system differed in their backbone composition
(aliphatic hydrocarbons, amide bonds, and glycosidic bonds) and polymer
residues (amine, guanidinium, and carboxyl groups), although each con-
tained charged segments of ~3-7 kDa (Fig. 1).

The overall solubility propensity of the polyelectrolytes decreased in
the order: polyanions (PolyD, HA, and PMAA) > ePolyK > Protamine =
PAEMA. Previously, it has been reported that arginine is more hydrophobic
than lysine due to its electron-delocalized quasi-aromatic structure'. This
characteristic of arginine-rich protamine therefore appears to explain its
lower solubility compared to that of ePolyK. However, it should be noted
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that Protamine undergoes simple coacervation instead of precipitation at
high polymer concentrations >40 mg/mL. Due to this phenomenon, it is
illogical to directly compare lysine and arginine based on solubility. Inter-
estingly, despite possessing the same charged functional groups, ePolyK and
PAEMA displayed significantly different solubilities, suggesting that the
backbone hydration properties have a substantial impact on the polymer
solubility. However, this distinction was not observed between the highly
soluble PolyD and PMAA. This can be accounted for by considering that the
aliphatic hydrocarbon backbone of a polymer is generally more hydro-
phobic than an amide backbone of a peptide, and HA is a highly soluble
polysaccharide that tends to form hydrogels. Therefore, it was expected that
the hydration properties of the polyanions would follow this order: HA =~
PolyD > PMAA.

Similar to the hydration propensities of the polyelectrolytes, the coa-
cervate phase regions, which vary depending on the mixing ratio and
choice of buffer ion, exhibit the following order: PAEMA:HA =~
PAEMA:PolyD = aPolyK:PMAA > ePolyK:PMAA > Protamine:PMAA =
PAEMA:PMAA (Fig. 2 and Supplementary Figs. 13 and 14). In line with
previous studies demonstrating that coacervation occurs within a range
centered around stoichiometric charge compositions, which can be adjusted
through salt addition and is influenced by surface charge patches (ie.,
particularly in proteins due to their zwitterionic nature and structural
complexity), it was observed that coacervation predominantly occurred
around the stoichiometric molar ratios. However, an exception was noted in
the case of Protamine:PMAA. This deviation was attributed to the unique
conformational properties of protamine, as well as the differences in
molecular weight and charge density as discussed in the literature”*".
Moreover, for the ePolyK:PMAA and aPolyK:PMAA pairs, the mixing
ratios at their highest turbidity values (ie., the optimal mixing ratios)
exhibited minimal variations. Instead, their tendencies to form coacervates
or precipitations were significantly different (Supplementary Fig. 14),
showing more favorable coacervation for aPolyK:PMAA than for ePo-
lyK:PMAA. This observation suggests that hydrophobicity may have a more
significant impact on this system than the charge density. This inference is
drawn from the fact that significant variations in the optimal mixing ratios
would be anticipated if the charge density played a substantial role.

Interestingly, reversed Hofmeister effects were clearly observed in the
PAEMA:PMAA, PolyD:PMAA, and Protamine:PMAA pairs across the
Tris-Po, Tris-Ac, and Tris-Cl buffers. Since anions display stronger ion-
specific effects than cations due to their greater polarizability ranges®,
chloride, acetate, and phosphate were selected as the ionic species of the
Tris-buffer to investigate the effects of the Hofmeister series on coacervation
formation. Typically, the Hofmeister series for anions follows the order:
phosphate > acetate > chloride. More specifically, the salts earlier in the
series induce “salting out” effects and are strongly hydrated, whereas the
latter ions induce “salting in” effects and are weakly hydrated. Reversed
Hofmeister effects are often observed in colloids, polymers, and proteins
with hydrophilic surfaces because of the lower partial dehydration cost
associated with the surface binding of well-hydrated ions™*".

In line with the solubility and coacervation propensities, the salt resis-
tance was found to decrease in the following order: PAEMA:PMAA >
ePolyK:PMAA > Protamine:PMAA > aPolyK:PMAA =~ PAEMA:PolyD >
PAEMA:HA (Fig. 3 and Supplementary Fig. 14). The higher salt resistance
observed in the PAEMA:PMAA coacervates and the difference found
between the ePolyK:PMAA and oPolyK:PMAA pairs indicate that their
coacervation is primarily driven by electrostatic interactions, and that addi-
tional contributions from non-ionic interactions are also involved. These
non-ionic interactions likely stem from the hydrophobic aliphatic hydro-
carbon backbones of the synthetic polymers, as supported by the deforma-
tion of coacervation observed when adding 1,6-hexanediol as a hydrophobic
interaction disruptor (Supplementary Fig. 17). Furthermore, previous studies
have suggested that electrostatic interactions can be enhanced close to
hydrophobic molecules because of the decreased dielectric constant of
water””. More specifically, molecular dynamics simulations have shown that
the dielectric constant of water near a hydrophobic surface decreases owing

to the reduced water density and the decreased water dipole correlation™.
This implies that the responses of the coacervates toward changes in the ionic
strength could be attributed to the hydrophilic and hydrophobic properties of
their polymer backbones. Furthermore, during the merging event (Fig. 4), it
was found that the coacervates formed by the synthetic polymer pairs con-
taining hydrophobic aliphatic backbones exhibited slower merging, indi-
cating a higher viscosity. In contrast, the coacervates formed from peptides
bearing amide backbones exhibited faster merging, implying a lower visc-
osity, and those containing the highly soluble PolyD or glycosidic-linked
carbohydrates displayed even faster coalescence, indicative of liquid droplets.

Overall, this study demonstrates that although the complex coa-
cervation of synthetic polymers, peptides, and carbohydrates, is primarily
driven by electrostatic interactions and is influenced by the mixing ratios
and buffer types, the generated pairs display distinct physical properties,
including variations in the coacervate phase region, the salt resistance, and
the interface instability. In addition, the hydrophobic segment of the
polyelectrolyte also appears to play a role in determining the solubility of the
polyelectrolyte and significantly influences whether the polyelectrolyte
forms a coacervate or undergoes precipitation. This implies that the con-
ditions for coacervate formation must be meticulously controlled to avoid
precipitation. However, once a coacervate is formed, its stability is enhanced
even at high salt concentrations, possibly due to enhanced hydrophobic
interactions in a charge-screened environment.

These observations suggest that the presence of hydrophobic segments
within the coacervate affects its stability and viscoelastic characteristics.
Furthermore, the obtained results suggest that hydrophobic residues or
segments within biological condensates inside cells or in biological tissues
may similarly influence the stabilities and viscoelastic behaviors of biological
LLPS systems. Additionally, while hydrophobic segments can contribute to
differences in the phase behavior, it is essential to note that the disparity in
the charge density among different polymers may also play a role, particu-
larly when electrostatic interactions are favored. Although the charge density
was not considered as a variable in this study due to control difficulties, it
remains an important factor. A follow-up study is therefore required to
explore this aspect further. Moreover, the relatively low stability of the
coacervates necessitates careful control during their application in industrial
encapsulants. Hence, the insights gleaned from this study can be utilized to
regulate the stability of coacervates in different salt and buffer solutions.

Methods

Materials

Poly(2-aminoethyl methacrylate) (PAEMA, molecular weight = 7098 g/mol,
DP = 40) and poly(methacrylic acid) (PMAA, molecular weight = 3750 g/mol,
DP = 40) were synthesized according to the literature'>"'. Methacrylic acid,
2-aminoethyl methacrylate hydrochloride, 2,2’-azobis(2-methylpropionami-
dine) dihydrochloride (V-50), 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-
4-cyanopentanoic acid (CETCPA), sodium nitrate (NaNOs), sodium phos-
phate monobasic (NaH,PO,), sodium phosphate dibasic (Na,HPO,), and
deuterium oxide (D,0) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). e-Poly-L-Lysine (¢PolyK, molecular weight = 4000 g/mol, DP = 25-35)
was purchased from Shinseung Hichem (Seoul, Korea). Protamine sulfate salt
from salmon (protamine, molecular weight=4100 g/mol, DP =31) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Hyaluronic acid (HA,
molecular weight 5000 g/mol) was purchased from Bioland (Seoul, Korea).
Poly L-aspartic acid sodium salt (PolyD, molecular weight = 4100 g/mol, DP
27-33) & a-poly-L-Lysine (aPolyK, molecular weight=4900 g/mol,
DP = 27-33) were purchased from Alamanda Polymers (Alabama, CA, USA).
Sodium chloride was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Tris(hydroxyethyl)aminomethane (Tris), 99.8% glacial acetic acid, and 85%
phosphoric acid were purchased from Samchun (Seoul, South Korea).

Synthesis of the polyelectrolytes by RAFT polymerization

Synthesis of poly(methacrylic acid). Phosphate buffer solution (6 mL,
10 mM, pH 7), 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyano-
pentanoic acid (CETCPA) (95%, 17.9 mg, 9.2 mM), methacrylic acid
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(99%, 0.187 mL, 0.367 M), and 2,2’-azobis(2-methylpropionamidine)
dihydrochloride (V-50, 97%, 3.0 mg, 1.79 mM) were introduced into a
100 mL flask equipped with a magnetic stirrer bar and sealed
with a rubber septum. The mixture was then deoxygenated by
freeze—pump-thaw cycling for a minimum of 3 cycles, after which
polymerization was performed at 70 °C using a temperature-controlled
heating mantle, followed by stirring at 60 rpm for 2 h to reach nearly full
conversion. A sample was extracted from the polymerization medium
using a degassed syringe for analysis by 'H nuclear magnetic resonance
(NMR) spectroscopy and gel permeation chromatography (GPC) to
determine the monomer conversion, the experimental molar mass
(My,Gpc)» and the dispersity (D) values.

Synthesis of poly(2-aminoethyl methacrylate hydrochloride). Phos-
phate buffer solution (36 mL, 10mM, pH 7), CETCPA (95%, 17.9 mg,
1.5 mM), 2-aminoethyl methacrylate hydrochloride (90%, 0.642 g, 0.09 M),
and V-50 (97%, 3.0 mg, 0.3 mM) were introduced into a 100 mL flask
equipped with a magnetic stirrer bar and sealed with a rubber septum. The
mixture was then deoxygenated by freeze—pump-thaw cycling for a mini-
mum of 3 cycles, after which polymerization was performed at 70 °C using a
temperature-controlled heating mantle, followed by stirring at 60 rpm for 2 h
to reach nearly 67% conversion. A sample was extracted from the poly-
merization medium using a degassed syringe for analysis by 'H NMR
spectroscopy and GPC to determine the monomer conversion, the experi-
mental molar mass, and the dispersity values.

NMR spectroscopy

The 'H NMR spectra were recorded on a Bruker Avance III 500 spectro-
meter at 25 °C and with a frequency of 500 MHz. The delay time was set to
2.5s. All polymer samples were prepared in D,0. Chemical shift values (8)
were reported in ppm and were determined with respect to the non-
deuterated solvent residue as an internal reference.

Determination of the monomer conversion. The monomer conversion
of PMAA was determined by comparing the decrease in the integrated
intensity of the 'H NMR vinyl proton signals (8 = 6.00-5.50 ppm) of the
monomer with those of the R group protons (8 = 1.30-0.85 ppm) of the
polymer after polymerization. In the case of PAEMA, the monomer
conversion was determined by comparing the decrease in the integrated
intensity of the "H NMR vinyl proton signals (8 = 6.15-5.60 ppm) of the
monomer with those of the R group protons (8 = 3.40-3.20 ppm) of the
polymer after polymerization.

Determination of the M,, s, and DP values. The theoretical number-
average molar mass (M, »,) was calculated as follows:

_ [M]pM,,
M, _W+MCTA7 1)
[M]op
[CTA],’ (2)

where [M], and [CTA], are the initial concentrations of the monomer and
the chain-transfer agent, respectively, and p is the monomer conversion
determined by 'H NMR spectroscopy. M,,, and My, represent the molar
masses (g/mol) of the monomer and the chain transfer agent, respectively.

GPC studies

The molar mass distributions were measured using a Shimadzu LC-20AD
liquid chromatography system with dedicated columns for the anionic and
cationic polymers. More specifically, for the anionic polymers, an Agilent PL-
Aquagel-OH 8 ym MIXED-M column (300 x 7.5 mm) and an Agilent PL-
Aquagel-OH 8 um guard column (50 x 7.5 mm) were employed. The mobile
phase consisted of 90% aqueous 0.15 M NaNO; and 10% methanol. The flow
rate was 1.0 mL/min and the column temperature was 40 °C. The instrument

was calibrated using low-dispersity poly(ethyleneoxide) standards (Scientific
Polymer) whose molar masses varied between 0.2 and 800 kg/mol. For the
cationic polymers, a TOSOH TSKgel 10 pm G5000PWXL-CP column
(300 x 7.8 mm) and a TOSOH TSKgel 13 ym PWXL-CP guard column
(40 x 6 mm) were used. The mobile phase consisted of a 0.3 M aqueous
NaNOj; solution at pH 3 (adjusted using 95% sulfuric acid). The flow rate was
1.0 mL/min and the column temperature was 40 °C. The instrument was
calibrated using low-dispersity poly(ethyleneoxide) standards (Scientific
Polymer) whose molar masses varied between 0.2 and 800 kg/mol. Prior to
analysis, the samples were filtered through a polyvinylidene fluoride mem-
brane with a 0.2 pm pore diameter. The experimental molar mass (M, pc)
and the dispersity (D) values of the synthesized polymers were determined by
conventional calibration using LC Solution software with a known refractive
index detector calibration constant.

Buffer preparation

The Tris-chloride buffer (Tris-CL 10 x 107> M, pH 7.57) was prepared by
combining 5.34 mM Tris base with 4.66 mM HCl in distilled water. To
achieve a Tris-Cl buffer with higher ionic strength (Tris-Cl, 19 x 10~ M, pH
7.5), 10 mM Tris base was mixed with 8.89 mM HCl in distilled water. The
Tris-Ac buffer (Tris Ac, 10x 10~ M, pH 7.55) was prepared by mixing
6.6 mM Tris base with 3.3 mM glacial acetic acid in distilled water. For the
Tris-Po buffer (Tris-Po, 10 x 107> M, pH 7.59), 7.67 mM Tris base was
mixed with 2.33 mM phosphoric acid in distilled water. All buffers were
subjected to filtration through a 0.22 um PVDF syringe filter (Whatman)
prior to use.

Complex coacervate formation

Sample solutions (1 mg/mL) were prepared and dissolved in the desired
Tris-Cl, Tris-Ac, or Tris-Po buffer in a tube. Complex coacervation was
performed at weight ratios ranging from 1:9 to 9:1 for each polyelectrolyte
pair, and the solutions were mixed by gentle pipetting. The formation of
coacervates was confirmed using optical microscopy (BX63, Olympus,
Tokyo, Japan). The corresponding images are provided in the Supple-
mentary Information. To confirm complete polymer ionization, the pH
values of the polymers and polymer pairs at their optimal stoichiometric
ratios (as determined by turbidity measurements) were measured at a final
concentration of 1 mg/mL in 10 mM Tris-HCI buffer at pH 7.5 (Supple-
mentary Fig. 18).

Turbidity measurements

The turbidity measurements were carried out at a wavelength of 600 nm
using a microplate reader (BioTek Synergy HTX). The absorbance of the
coacervate solution as a function of the mixing ratio, buffer, and NaCl
concentration was monitored at room temperature in 384-well plates. The
turbidity was defined as (100-%T). Three replicates were analyzed for each
sample condition. The coacervates were observed under an optical micro-
scope (BX63, Olympus, Tokyo, Japan).

Salt resistance measurements

Sample solutions were prepared using the 19 mM Tris-Cl buffer. Complex
coacervation was performed at the optimal stoichiometric ratios, as deter-
mined above. To achieve various NaCl concentrations, precise volumes of
NaCl stock solutions (0.1, 0.2, 0.4, 1, 1.6, 2, 2.4, and 3 M) were added
accordingly. All coacervate solutions attained a standardized final con-
centration of 1 mg/mL. The turbidities of the mixed solutions were mea-
sured using a microplate reader at a wavelength of 600 nm at room
temperature as indicated above. Three replicates were analyzed for each
sample condition. The coacervates were observed under an optical micro-
scope (BX63, Olympus, Tokyo, Japan).

Coalescence measurements

The coalescence of each pair of coacervate droplets was observed over
time using an Olympus FLUOVIEW FV3000 confocal laser scanning
microscope. The coacervate solution was injected into a coverslip-
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sandwiched fluid chamber with a flat oil-water interface to minimize fric-
tion from the chamber surface. The coalescence events were recorded at
specific intervals. The relaxation time (7) was obtained by fitting the aspect
ratio vs. time plot to an exponential decay. The aspect ratio was calculated as
follows:

A=L-W/L+W, 3)
where L and W are the length and the width of between two condensates,
respectively. The droplet radius (R) was measured after coalescence.

DFT calculations

Density functional theory (DFT) calculations were used to obtain the
optimal structures and atomic partial charges of the polyelectrolytes. Due to
the high computational cost and time limitations, it was not feasible to
model polyelectrolytes with dozens of degrees of polymerization. Instead,
pentamers composed of five monomers were used (e.g., Lys-Lys-Lys-Lys-
Lys instead of ePolyK with 30 degrees of polymerization). For Protamine,
poly-arginine with a B-sheet structure was employed as a simplified model,
referencing the work by Morga et al. ** and based on a previous study that
used molecular dynamics simulations to demonstrate similar hydrophobic
and conformational properties between poly-arginine and protamine™. For
HA, the structure in the Protein Data Bank with PDB ID 3HY A**** was used
as an initial condition. An aqueous environment was implemented using the
Polarizable Continuum Model®”. B3LYP*"* and 6-311+-+G(d,p)**** were
employed as the functional and the basis set, respectively. After structural
optimization, vibrational frequency analysis was performed to obtain the
optimal structures at a stable point. All calculations were conducted using
the Gaussian16 program package’".

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files. The datasets gener-
ated are available in the Figshare repository under https://doi.org/10.6084/
m9.figshare.26485792.
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