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ABSTRACT: Liquid—liquid phase separation (LLPS) of macro-
molecules, called coacervation, is induced by non-covalent
intermolecular associations in aqueous solutions, which is
frequently observed in biological processes including cellular
compartmentation, signaling, and regulation. Recently, associative
interactions between s-conjugated residues have emerged to
induce LLPS, along with electrostatic interaction. An arginine Simple
residue having a positively charged guanidinium group plays a a 5 coacervation
pivotal role in protein phase behavior because the orientational . .
amphiphilicity of guanidinium groups allows face-to-face 7—x

stacking despite Coulombic repulsion. In this study, we investigate the simple coacervates of guanidinium-functionalized
polyelectrolytes (i.e., poly-arginine) in aqueous media as a function of salt concentration, salt type, and temperature to understand
the exclusive role of 7-conjugated moieties. Contrary to ammonium-functionalized polyelectrolyte (i.e, poly-lysine) solutions,
guanidinium-functionalized polyelectrolyte solutions become turbid by adding monovalent salts and exhibit the upper critical
solution temperature (UCST) behavior; the critical temperature is harnessed by salt concentration and salt type. Although a 7—z
stacked guanidinium pair can exist at a lower salt concentration, LLPS occurs when the number of intermolecular guanidinium pairs
goes beyond a critical value to produce the network structure. Furthermore, the enthalpically favored 7— interaction directly affects
the bulk rheological behavior and the interfacial property of the coacervates. Our findings provide insights into the underlying
interactions of protein phase separation and shed new light on the critical role of 7—7 stacking in the biological process and material

design.

1. INTRODUCTION Over the past decade, the associative z-based interaction has
suggested the need to better understand the behavior of
biomolecules enriched by z-conjugated moieties.”® In
particular, arginine residues containing a positively charged
guanidinium group produce a s—n association with com-
parable frequency to aromatic groups in a biological context.'”
Since the guanidinium group is composed of hydrophilic
amino edges and hydrophobic planes of conjugated 7-orbitals,
the spatially orientational amphiphilicity and quasi-aromatic
structure enable the guanidinium group to form a face-to-face
m—m stacked pair.'*"® Coulombic repulsion between the
cationic moieties is effectively reduced by counter ions and
water molecules, mostly accessible to the partially charged
perimeter of the amino edges.'”'” Due to the peculiar
molecular characteristics, the guanidinium group has been

Liquid—liquid phase separation (LLPS) of macromolecules in
aqueous media is driven by intra- and intermolecular
associations including electrostatic,' 7—7,> cation—z," and
hydrophobic” interactions, resulting in biphasic liquid mixtures
composed of macromolecule-rich coacervates and dilute
supernates.”® The coacervates have a dynamically liquid-like
interior, low interfacial tension, and stimuli-responsiveness to
external stimuli such as pH, temperature, and ionic strength,
and thus, they are useful for a wide range of potential
applications including wet adhesives, coating, and food
processing.” In recent years, the LLPS of low-complexity
intrinsically disordered proteins (IDPs) has been suggested as
a primary mechanism to produce membraneless organelles of a
liquid-like cellular compartment® and underwater adhesion of
mussel foot proteins.'’ In addition, numerous neurodegener-

ative diseases such as Huntington’s, Parkinson’s, and Received: November 17, 2022
Alzheimer’s diseases are potentially interpreted as abnormal Revised:  March 27, 2023
coacervates of misfolded proteins in the human brain."' Published: May 15, 2023

Extensive investigation on the coacervates has improved our
fundamental understanding of the widespread biological events
in organizations, signaling, and regulaltion.12
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studied as a key ingredient of protein denaturant'® and cell-
penetrating peptide.'” Furthermore, Coulomb-defying guani-
dinium pairing is responsible for the translocation mechanism
across the cellular membrane and is an emerging mechanism to
understand the self-ag%regation of the arginine-rich polypep-
tide in aqueous media.”"*"

However, much less is known about the coacervation
induced by z—7 interaction in aqueous media because reliable
experimental evidence has been rarely documented. Polyelec-
trolytes containing the guanidinium group have been
employed to induce highly stable polyelectrolyte complexes,
but this is mainly attributable to strong affinity to anions by
electrostatic attraction and bidentate hydrogen bonding.”*~**
Recently, the phase separation of the guanidinium-containing
polyelectrolytes in aqueous media, called simple coacervation,
has been reported and the 77—z interaction was proposed to
account for the LLPS. Chan-Seng et al. reported that comb-like
polymers containing guanidinium groups produce a turbid
solution in aqueous media without added salts, and the
polymers become completely soluble by adding a small amount
of NaCl salts.”> However, our group and Tirrell's group
reported that guanidinium-functionalized polyelectrolytes are
soluble in aqueous media and exhibit phase separation with
increasing NaCl concentration.’*”” In a biological context, a
protamine, as a representative arginine-rich protein, was
investigated to show simple coacervation when monovalent
and multivalent anions are added, and the coacervates follow
upper critical solution temperature (UCST) behavior in
aqueous media.””">* Although these works have provided
important insights on key information regarding z—=x
interaction-induced coacervation,”®*’ the phase separation
mechanism considering the effect of salts has not yet been
established.””** This lack of fundamental information about
the stability and the function of guanidinium-containing
polyelectrolytes and proteins has led to uncertainty about the
applications and scientific implications.

In this study, we investigated the simple coacervation of
guanidinium-containing polyelectrolytes to quantify the effects
of salt and temperature on the phase behavior. The model
polyelectrolytes were prepared using guanylation of ammo-
nium-functionalized polyethers, which enables the regulation
of LLPS exclusively by switching the cationic charged groups.
The monovalent salt concentration-dependent UCST behavior
of the polyelectrolyte solutions was clearly observed, and the
critical temperature was managed by anion type. The 7—zx
stacking of guanidinium groups was detected by Fourier-
transform infrared spectroscopy and molecular dynamics
simulation. Furthermore, the role of the 7—x interaction for
polymer dynamics was quantified by rheology and surface force
apparatus measurements. Our findings provide crucial insights
into the underlying interactions of protein phase separation
and shed new light on the critical role of m—m stacked
guanidinium pairs in the biological process and material design.

2. EXPERIMENTAL SECTION

2.1. Polyelectrolyte Synthesis. Guanidinium- or ammonium-
functionalized polyelectrolytes were prepared by anionic ring-opening
polymerization of poly(allyl glycidyl ether) (PAGE), followed by
post-polymerization modification to introduce the charged moieties to
the allyl groups, as shown in Scheme S1.°°7** Allyl glycidyl ether
(AGE, TCI) was degassed by several cycles of the freeze—pump—
thaw process, followed by purification with butyl magnesium chloride
for 3 h. Tetrahydrofuran (THF), a solvent, was collected from a dry
solvent system (Korea Kiyon, Korea) and further purified by sec-butyl
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lithium for 3 h. Potassium naphthalenide was prepared by mixing
potassium metal and naphthalene in dry THF for at least 24 h. Benzyl
alcohol (TCI), an initiator, was degassed by several cycles of the
freeze—pump—thaw process and injected into a reactor filled with dry
THF under an argon condition. Polymerization was initiated by
adding potassium naphthalenide solution dropwise until a pale green
color appeared. Then, AGE monomers were added and polymerized
at 40 °C for 24 h. Anhydrous methanol was added to quench the
polymerization, and PAGE was recovered by precipitation in n-
hexane.

The ammonium functional groups were introduced to PAGE
homopolymers by a thiol-ene click reaction.*’ PAGE and 2,2-
dimethyoxoy-2-phenylacetophenone (DMPA, 0.05 equiv per allyl
group), a photo-initiator, were dissolved in methanol, and 2-
aminoethanethiol hydrochloride (4 equiv per allyl group, TCI), a
functional thiol agent, was dissolved in deionized water. The mixture
of the two solutions was purged by argon for 30 min, followed by
exposure to UV light under stirring for at least 3 h. Then, the residual
reagents were removed by dialysis using a regenerated cellulose
tubular membrane (MWCO, 6k—8k; MFPI) in deionized water at pH
= § for 3 days. Ammonium-functionalized PAGE (A-PAGE) was
recovered by lyophilization. Guanidinium-functionalized PAGE (G-
PAGE) was obtained by guanylation of A-PAGE using 1H-pyrazole-1-
carboxamidine hydrochloride (TCI) in a NaOH aqueous solution (ca.
pH ~ 10) for a week.*” After the substitution reaction, G-PAGE was
recovered by dialysis and lyophilization.

Polymers were characterized by size exclusion chromatography
(SEC, JASCO) and 'H nuclear magnetic resonance spectroscopy ('H
NMR, Unity-Inova 500). SEC traces provided the polydispersity
index (P = M,,/M,) of PAGE polymers (Figure S1). '"H NMR was
used to estimate the number of the average degrees of polymerization
(N,) of PAGE and the complete conversion of the post-polymer-
ization modification for A-PAGE and G-PAGE (Figure S2). All
polymer characteristics are summarized in Table 1.

Table 1. Polymer Characteristics

polymer N, M, (kg/mol) b
PAGE 100 11.4 1.08
A-PAGE 100 22.8

G-PAGE 100 27.0

2.2. Optical Microscopy. Optical microscopy (Olympus BXS1)
was used to directly visualize the simple coacervates at a microscale.
Polyelectrolyte solutions were loaded between two CaF, windows
with a PTFE spacer of 15 um in thickness and annealed at target
temperatures for at least S min before taking images. The temperature
was carefully controlled at the temperature-controlled stage (FTIR
SP600, Linkam Scientific).

2.3. Transmittance Measurement. A UV—visible spectropho-
tometer (8453, Agilent Technologies) was employed to measure the
transmittance measurement at a wavelength of 600 nm under stirring
(~1200 rpm). Polyelectrolyte solutions were loaded in an optical
glass cell, and the temperature was manually controlled by a Peltier
temperature controller (TC 1, Quantum Northwest). In addition, a
UV—visible spectrophotometer (Cary Bio 100, Agilent Technologies)
was used for the temperature-ramping measurement using an
automatic temperature controller with a ramping rate of 1 °C/min.

2.4. Fourier-Transfer Infrared Spectroscopy. The Fourier-
transfer infrared (FTIR) spectra were obtained by a Nicolet 6700
(Thermo Fisher Scientific) equipped with a deuterated triglycine
sulfate (DTGS) detector. The attenuated total reflectance FTIR
(ATR-FTIR) spectra were recorded using a ZnSe crystal prism at
room temperature. The temperature-dependent FTIR spectra were
obtained using the temperature-controlled vertical stage (FTIR
SP600, Linkam Scientific) with 0.1 °C accuracy. Samples were loaded
between two CaF, windows with a PTFE spacer with a thickness of
1S pm, and the temperature was manually controlled between 0 and
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Figure 1. (a) Optical microscopy images of 0.1 wt % A-PAGE (upper) and G-PAGE (lower) solutions at Cy,c; = 0.8, 1.0, and 1.2 M measured at
25 °C. The scale bar denotes 100 ym. The chemical structures of A-PAGE and G-PAGE are represented on the left side. (b) Transmittance
obtained from 0.1 wt % A-PAGE solution (red) and G-PAGE solution (black) as a function of Cy,¢; at 25 °C. The insets are photos of G-PAGE
solutions at Cy,¢; = 0 and 2.0 M. (c) ATR-FTIR spectra of the CNj stretching of guanidinium groups (i.e,, 1500—1700 em ™) for 20 wt % G-
PAGE solutions in D,O as a function of Cy,; at room temperature. The inset shows the peak areal ratio of A} and A, as a function of Cy,c), where
the guanidinium bands were deconvoluted by two Voigt curves. The dashed line is a guide to the eye. (d) Radial distribution function, g..(r), at
Cyact = 0 (bottom) and 2.0 M (top) and at 308 K (black) and 358 K (red). The first peak near 4 A indicates the z—r stacking distance of the
guanidinium groups. (e) Snapshots of the stacked guanidinium dimers are obtained from the MD simulation trajectory. The gray rods represent the
polymer backbone, and the background includes sodium and chloride ions and water molecules. (f) Graphical illustration of the A-PAGE and G-

PAGE solutions associated with salt addition.

30 °C. The FTIR absorbance spectra were collected in the 1000—
4000 cm™ region, and the solvent background was subtracted.

2.5. Rheological Measurement. The shear rate-dependent
viscosity was measured by a rheometer (MCR 302, Anton Paar)
equipped with a parallel plate with 25 mm diameter. The temperature
was controlled between 1 and 25 °C by a Peltier accessory. The
coacervate layers of 20 wt % G-PAGE solutions at a target Cy,c were
carefully extracted after centrifugation and loaded onto the Peltier
plate. Water evaporation was minimized using a homemade acrylic
cover.

2.6. All-Atomistic Molecular Dynamics Simulation. The
nanoscopic structure of G-PAGE simple coacervates was examined
using full atomistic molecular dynamics simulations. All simulations
were conducted with the Groningen machine for chemical simulations
(GROMACS) package,®**° and all-atom optimized potentials for the
liquid simulation (OPLS-AA) force field were used to describe the
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atomistic interactions. The experimental parameters were obtained
from the GROMACS table or LigParGen server.***” In the simulation
box, 10G-PAGE polymer chains containing 30 repeating units, a
target number of Na and Cl ions, and 10,500 water molecules were
randomly distributed, and then the system energy was minimized. To
achieve the equilibrium structure, isothermal—isobaric simulation (i.e.,
NPT ensemble) was conducted with a velocity-rescaling thermostat
and a Berendsen barostat for 10 ns.>*™*° Then, NPT simulation was
performed for 200 ns using a Nosé—Hoover thermostat and the
Parrinello—Rahman pressure coupling method.*' ~* Structure anal-
ysis for the guanidinium groups was based on the simulation
trajectory for the last 1 ns. The linear constraint solver (LINCS) was
applied to neglect the small vibration of the hydrogen atoms, and the
long-range electrostatic interaction was treated with the particle mesh
Ewald method.*

https://doi.org/10.1021/acs.macromol.2c02346
Macromolecules 2023, 56, 3989—3999


https://pubs.acs.org/doi/10.1021/acs.macromol.2c02346?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02346?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02346?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02346?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

2.7. Miniature Surface Force Apparatus. A miniature surface
force apparatus (uSFA, SurForce LLC, USA) was used to evaluate the
interaction energy and the absolute distances between the two
polyelectrolyte-coated surfaces.*”** The measurements were per-
formed using a symmetric system for A-PAGE and G-PAGE
polyelectrolytes. The polyelectrolyte solutions were prepared by
dissolving the polyelectrolytes in deionized water with 0.5 and 1 ug/
mL for A-PAGE and G-PAGE, respectively, followed by filtration
using a 0.2 um polytetrafluoroethylene filter (ADVANTEC) to
exclude aggregates and impurities. As a substrate, a freshly cleaved
back-silvered (~S0 nm) muscovite mica (Grade #1, S&J Trading,
USA) was glued onto a cylindrical disc of 2 cm in radius using an
optical adhesive (NOA 81, Norland Products Inc., USA) after UV
curing (ca. 50 min).*” Then, the polyelectrolyte solutions were drop-
casted on the mica surface and then washed with deionized water to
remove the unbound molecules. The polyelectrolyte-coated surfaces
were aligned in the uSFA chamber with crossed cylindrical geometry,
and ~100 pL of NaCl solution was injected between the two
opposing surfaces. The force—distance curves were measured as a
function of Cy,q = 0, 0.3, 0.6, 0.9, and 1.2 M for both A-PAGE and
G-PAGE polyelectrolytes. To minimize evaporation during the SFA
measurements, the chamber was sealed with 2 mL of deionized water
and then the surfaces were equilibrated for 1 h.

The force measurements were performed by approaching and
retracting the two opposing surfaces with a fine motor at a constant
speed of S nm/s. In this study, a contact time of 5 s was maintained
before retraction. The interaction force (F) was explored by deflecting
a double-cantilevered spring (k = 432.54 N/m) supporting a lower
surface. The absolute mica-to-mica distance was verified through the
fringes of equal chromatic order (FECO) based on multiple-beam
interferometry (MBI) using a white light beam.*” Based on the
Johnson—Kendall-Roberts model, the minimum F/R value, the
cohesion force between the two surfaces during separation, was
converted to cohesion energy per unit area (W, = 2F/ 37R).**° All
experiments were operated at room temperature (T = 22.5 °C) and
repeated three times for reproducibility.

2.8. Atomic Force Microscopy (AFM). Atomic force microscopy
(AFM, Multimode V AFM, Veeco, USA) was employed to investigate
the topography of the polyelectrolyte surfaces under the standard
tapping mode in the air using a silicon cantilevered tip (PR-T300,
Probes, Korea). The standard sharp tip was attached to the end of the
cantilever spring, and spring deflection was reflected on the position-
sensitive detector when the tip was close to a surface. The roughness
profile was determined using NanoScope Analysis software (Bruker
Corporation).

3. RESULTS AND DISCUSSION

3.1. Monovalent Salt-Induced LLPS. Poly(allyl glycidyl
ether) (PAGE with N = 100 and D = 1.08) polymers were
synthesized using anionic ring-opening polymerization and
functionalized for cationic ammonium (A) or guanidinium (G)
groups with chloride counterions, labeled A-PAGE (i.e., poly-
lysine) and G-PAGE (i.., poly-arginine), respectively (Figure
la and Scheme S1).”° The number and position of charged
groups and the backbone chemical structure for A-PAGE and
G-PAGE are identical except for the charge type. The
polyelectrolytes were dissolved in deionized water, and NaCl
salts were added to adjust the extrinsic salt concentration,
Cnacr- It is noted that the intrinsic concentrations of CI™
counterions released from the polyelectrolytes are 0.004 and
0.8 M for 0.1 and 20 wt % polymer solutions, respectively.

As shown in Figure 1a, the optical microscopy (OM) image
highlights that micrometer-sized liquid droplets were formed in
0.1 wt % G-PAGE solutions as Cy,(; increases, but droplet
formation was not observed in 0.1 wt % A-PAGE solutions
regardless of Cy,c. In addition, the transmittance obtained
from 0.1 wt % G-PAGE solutions at 25 °C drops sharply near
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Cnact = 1.0 M with increasing Cy, (Figure 1b). Both
observations clearly indicate that the liquid—liquid phase
separation (LLPS) of G-PAGE solutions (i.e., simple
coacervation) occurs at a higher Cy,c, which is induced by
monovalent salts. This Cy,q dependence is apparently in
contrast to the behavior of the A-PAGE solution that remains
transparent up to the solubility limit of NaCl (Figure S3).
Simple coacervation is further evidenced by the 20 wt % G-
PAGE solution at Cy,c; = 1.0 M, in which viscous polymer-rich
coacervates and transparent supernates are produced after
centrifugation as macroscopic phase separation (Figure S4). It
is noted that the liquid-like simple coacervate of G-PAGE
solutions is also triggered by multivalent salts such as sodium
sulfate and sodium citrate, while the A-PAGE solutions remain
transparent up to the solubility limit of the multivalent salts
(Figures S3 and S4). This finding strongly confirms that simple
coacervation is exclusively caused by the guanidinium
functional groups when Coulombic repulsion is effectively
attenuated, and the intermolecular salt bridge between the
charged groups is marginal to induce simple coacervation.

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy was performed to investigate detailed
molecular interactions that are responsible for simple
coacervation. Figure lc displays the representative spectra
between 1500 and 1700 cm™' corresponding to the CNj,
stretching of guanidinium groups as a function of Cy,c at
room temperature. Since H,O bending absorption occurs
between 1500 and 1700 cm™?, the 20 wt % G-PAGE solutions
were prepared in D,0. The absorption profiles are nearly
identical for a Cy,c lower than 0.3 M where the solutions are
transparent. However, the intensity is significantly enhanced by
increasing the Cy,c; above 0.3 M, which indicates that the
simple coacervates of G-PAGE solutions begin to form and
precipitate on top of the ATR crystal. Since the electrostatic
repulsion between guanidinium groups is crucially controlled
by the overall anion concentration, lower added Cy,c is
required to induce LLPS for 20 wt % G-PAGE solution than
0.1 wt % G-PAGE solution due to released intrinsic counter
ions.

Since the alkyl substitution at the guanidinium groups results
in a broken 3-fold axis of symmetry, the perturbation splits the
degeneracy of the guanidyl CNj stretching modes by 20

m~'.>"** The two nearly degenerate normal modes, centered
at 1580 and 1600 cm™’, labeled A, and A,, respectively,>® were
adjusted by a sum of two Voigt profiles that is a convolution of
Gaussian and Lorentzian distribution®* (see Figure SS). The
ratio of the integrated areas (i.e., A;/A,), corresponding to the
transition dipole squared, for the two nearly degenerated
components, increases from 0.2 to 0.4 as simple coacervation
occurs, as shown in the inset of Figure lc. Although an
unequivocal assignment for the observed peaks is challeng-
ing,>” this increment reflects that the asymmetric interaction of
hydrogen bonding between the NH, groups and water
molecules becomes gradually enhanced as the simple
coacervates are formed, and the distribution of water molecules
becomes more uneven around the guanidinium groups.

To provide a detailed molecular picture of the underlying
interaction, we performed molecular dynamics (MD) simu-
lations using a system with 10 polymer chains of 30 repeating
units, 10,500 H,0 molecules, and a target number of Na* and
CI” ions. Figure 1d displays the radial distribution function,
ge.(r), representing the distance between the centers of mass of
the guanidinium groups at Cy,c; = 0 and 2 M and at 308 and
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Figure 2. (a) Optical microscopy images obtained from a 10 wt % G-PAGE solution at Cy,¢; = 0.5 M upon heating and cooling. The scale bar
denotes 100 ym. (b) Temperature-dependent transmittance obtained from 0.1 wt % G-PAGE solution at Cy,c; = 1.0 M for sequential heating and
cooling cycles with a ramping rate of 1 °C/min. Representative photos taken at 20 and 50 °C are shown in the inset. (c) Transmission FTIR
spectra of the CNj stretching of guanidinium groups for 20 wt % G-PAGE solutions in D,O as a function of temperature at Cy,c; = 0.4 M. The
inset shows a peak areal ratio of A; and A, as a function of temperature. The dashed line is a guide to the eye. (d) Temperature dependence of
transmittance for 0.1 wt % G-PAGE solutions at various Cy,c; values. The transmittance was measured upon cooling with a cooling rate of 1 °C/

min.

358 K. Consistent with previous findings for guanidinium ions
using MD and Monte Carlo simulations,">""2%*% the first
peak of g.(r) observed around 4 A is attributed to the
staggered fashion of 7—z stacked guanidinium pairs, as
illustrated in Figure le. This like-charge ion-pairing was
rationalized by a combination of cavitation effects and
quadrupole—quadrupole and dispersion attractions when
long-ranged electrostatic repulsion is significantly attenuated
in aqueous media.”> We observed that the fraction of the 7—x
stacked guanidinium pair considerably increases with increas-
ing salt concentration at 308 K, deducing that the 7—7 stacking
of the guanidinium groups essentially induces simple
coacervation when electrostatic repulsion is effectively
screened. In addition, the stacked structure limits ions and
water molecules approaching the upper and lower planes of the
guanidinium groups, and thus, abundant guanidinium pairing
results in the enhanced asymmetric hydrogen bonding of water
molecules around the guanidinium groups as observed in the
FTIR measurement. The MD simulation also suggests that the
guanidinium pairs still exist at a lower Cy,c where simple
coacervation does not occur, which is discussed later.

Figure 1f summarizes the salt concentration-dependent
behavior of A-PAGE and G-PAGE polyelectrolyte solutions.
At low Cy,c, the electrostatic repulsion between cationic
groups is dominant to disperse both polyelectrolytes in the
aqueous solvent, resulting in a clear solution. Guanidinium
groups, however, begin to form the short-ranged 7—7 stacking
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when electrostatic repulsion is effectively screened above a
critical salt concentration, which is in contrast to ammonium
groups. This physically dynamic interaction results in
intermolecular network formation and, thus, macroscopic
phase separation of G-PAGE solutions.

3.2. Temperature Dependence. Since the MD simu-
lation showed that the fraction of the stacked guanidinium
pairs decreases at higher temperatures (Figure 1d), we
investigated the temperature-dependent behavior of the G-
PAGE coacervates. OM images confirm that the liquid droplets
disappear at high temperatures, followed by nucleation upon
cooling (Figure 2a). Figure 2b also shows that the turbid 0.1
wt % G-PAGE solution prepared at Cy,c; = 1.0 M becomes
transparent as the temperature increases. This temperature
dependence is reversible upon sequential heating and cooling
cycles, and a kinetic barrier of the nucleation process is
evidenced by the observed hysteresis. The upper critical
solution temperature (UCST) behavior indicates that the 7—n
interaction is originated by enthalpy and thus regulated by
temperature as well as salt concentration.”> Furthermore,
transmission FTIR measurements equipped with a Peltier
temperature controller were conducted for 20 wt % G-PAGE
solutions at Cy,c; = 0.4 M. The absorption spectra
corresponding to the CNj stretching of the guanidinium
group are nearly identical above 14 °C where the solutions are
transparent. When the temperature decreases further where
coacervation occurs, the peak position, however, shifts
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Figure 3. (a) Salt concentration dependence of transmittance for 0.1 wt % G-PAGE solutions as a function of Cg, of LiCl (magenta), KCI
(purple), NaCl (black), NaBr (red), and Nal (blue) at 25 °C. The critical transition temperature, T,, is nearly independent of the cations such as
Li*, K*, and Na* but strongly depends on the anions such as Cl~, Br~, and I". Temperature dependence of transmittance for 0.1 wt % G-PAGE
solutions with (b) NaBr and (c) Nal at various Cyy, values. (d) Salt concentration-dependent T for 0.1 wt % G-PAGE solutions: NaCl (black),
NaBr (red), and Nal (blue). The solid line represents the best fit to the Langmuir-type isotherm.

gradually to a lower wavenumber and the areal ratio of A; and
A, (ie, A;/A,) increases from 0.2 to 0.8, as shown in Figure 2c.
Consistent with the salt concentration-dependent behavior, the
m—n stacked guanidinium pairs become abundant to induce
the simple coacervates at a lower temperature.

Figure 2d illustrates the temperature-dependent trans-
mittance of 0.1 wt % G-PAGE solutions at various Cy,
values. A critical transition temperature, T, defined as a
temperature when the transmittance drops by 80% upon
cooling, increases gradually with increasing Cy,c;. When the
electrostatic repulsion between the guanidinium groups is
reduced as Cy,c increases, the probability to form the
guanidinium pairs by the 7—rx interactions becomes higher.
Therefore, a larger number of intermolecular guanidinium
pairs are created, and higher thermal energy is required to
dissociate the coacervates.

3.3. Charge-Type Dependence. The effect of a
monovalent charge type on the phase behavior for 0.1 wt %
G-PAGE solutions at 25 °C was investigated using LiCl, KCl,
NaCl, NaBr, and Nal. We observed that the critical salt
concentration is nearly independent of the cation type but
strongly depends on the anion type (Figure 3a), indicating that
the reduction of the electrostatic repulsion by anions is crucial
to produce the 7— stacked structure. Interestingly, the relative
effectiveness of the anions apparently follows I” > Br™ > CI7,
which is the reverse of the Hofmeister prediction in which
anions are ordered as CI” > Br™ > I” for better salting-out and,
thus, phase separation.’® We believe that the higher polar-
izability and poor hydration energy of larger halogen anions
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provide more efficient screening of the electrostatic repulsion
between cationic guanidinium groups57 (Table S1). Here, T.
for Nal is significantly higher than that for NaCl at the same
ionic strength, which underpins that the critical salt
concentration and corresponding T, provide a method to
quantify the effectiveness of charge screening of monovalent
anions.

Figure 3b,c displays the temperature-dependent trans-
mittance of 0.1 wt % G-PAGE solutions at various C,,, values
for NaBr and Nal, respectively. Consistent with NaCl, T,
increases gradually with increasing C,;. Remarkably, we
observed that the relationship between T. and Cg of Nal,
NaBr, and NaCl is nearly linear, and the saturation behavior
was not observed under our experimental conditions (Figure
3d). The pseudo-linear increment of T, suggests that the
number of guanidinium pairs within the coacervates is
gradually enhanced with Cg at a certain temperature.
Furthermore, since the screening of electrostatic repulsion
requires a specific association between anions and guanidinium
groups, we propose that the anion association follows the
Langmuir-type isotherm and T, is primarily dominated by the
number of 7—7 stackings as T, = aKyCo/ (1 + KzCype) + b,
where K, is an associated equilibrium constant, and a and b are
fitting parameters. Cremer and co-workers revealed that the
transition temperature for the LLPS of a lysozyme is
dependent on the salt concentration and anion type and
reported that the anion-specific association is captured by the
Langmuir-type isotherm.”®” We observed that the obtained
K, increased from 0.28 to 0.33 in the order of CI” < Br™ < I”
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Figure 4. (a) Photographs of 20 wt % G-PAGE solutions at Cy,c; = 0, 1, and 4 M. (b) Zero shear viscosity (77,) of G-PAGE coacervates at various
Cnact Values and temperatures. The coacervates were isolated from 20 wt % G-PAGE solutions at target Cy,ci. (c) Association energy (nE,) of the
G-PAGE coacervate as a function of Cy,c. The inset represents the temperature-dependent In(ay) for G-PAGE coacervates isolated from a

solution at Cy,q = 1.0 M.

(Table S1), which confirms that the larger halogen anions are
more effective in associating with the cationic sites and thus in
reducing electrostatic repulsion.

3.4. Rheological Measurement. Figure 4a highlights that
a liquid-like coacervate prepared by 20 wt % G-PAGE solution
becomes sticky mucus with increasing Cy,c up to 4 M,
indicating that the chain mobility is highly modulated by the
number of guanidinium pairs. To understand the bulk
property, the coacervates were isolated by decanting super-
nates after centrifugation of 20 wt % G-PAGE solutions at
room temperature. We obtained the zero-shear viscosity, 7, as
a function of Cy,c and temperature for the separated
coacervates using steady-shear measurements. Figure 4b
demonstrates that 7, increases with increasing Cy,c; and/or
decreasing temperature (raw data are available in Figure S6). It
is noted that the polymer concentration was measured as ~45
wt % for the G-PAGE coacervates prepared at Cy,c = 1.4 M
using the thermogravimetric method. We reasonably assume
that the polymer concentration in the separated coacervates
slightly increases with increasing Cy,cp but the difference is
marginal within our experimental range.

Recently, the sticky polymer dynamics pioneered by
Semenov and Rubinstein have been applied to understand
the rheological behavior of complex coacervates, in which the
charged groups are considered as stickers to produce a pairwise
associative interaction.”’”®> When associative polymers with
the degree of polymerization, N, contain f associating groups
separated by neighboring ! spacers (i.e, N = fI), the
unentangled sticky-Rouse model predicts 17, ~ 7,(kT¢p/Nd>)
2, where 7, k, T, ¢, and 1/d° are the lifetime of the associative
stickers, Boltzmann constant, absolute temperature, polymer
concentration, and chain density, respectively.” For G-PAGE
coacervates, larger Cy,c) is expected to induce more effective
screening of electrostatic repulsion between guanidinium
groups, leading to the elevated possibility to form associating
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pairs (i.e,, larger f). Therefore, the Cy,¢-dependent 7, observed
at a fixed temperature is qualitatively consistent with the
theoretical prediction, although the salt concentration within
the coacervates is not accurately determined.

Also, the shift factor, defined as ar = #,/7,,, where 1, is the
zero-shear viscosity at a reference temperature, was computed
to account for the temperature-dependent #, as shown in the
inset of Figure 4c. Here, we assume that the n associating pairs
need to break simultaneously to allow relaxation of the
polymer chains,*”®* and the relaxation time of the associative
pairs measured by rheology is given by 7, = 7, exp(nE,/kT),
where 7, and E, are the relaxation times without the associative
interaction and the activation energy for dissociation,
respectively. Using the shift factor, nE, at various Cy,c| values
was estimated with the assumption that the 7 is independent
of the temperature under our experimental condition. As
depicted in Figure 4c, we found that the nE, slightly increases
from 60 to 70 kJ/mol as Cy,¢; increases from 1.0 to 2.0 M (raw
data are available in Figure S7), and thus, the relaxation time
increases. This further corroborates the Cy,c dependence of
o Since the interaction energy of guanidinium pairs as a
function of ionic strength has not been fully established
yet,"*®” our observation suggests that both/either the required
number of guanidinium groups for the relaxation and/or the
interaction energy of guanidinium pair increases with
increasing Cy,c. We deduce that the polymer chain mobility
inside the coacervates upon shear is significantly regulated by
ionic strength that promotes the 7— stacking of guanidinium
pairs.

3.5. Interaction Force Measurement Using a Surface
Force Apparatus. We used a miniature surface force
apparatus (uSFA) to characterize the interaction energy of
the guanidinium stacking as a function of Cy,c;. Figure Sab
shows the force—distance profiles between the two symmetric
surfaces exposed to salty solutions of Cy,q = 0, 0.3, 0.6, 0.9,
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and 1.2 M for G-PAGE and A-PAGE, respectively. The force—
distance profiles during moving-in and moving-out of the two
surfaces are not overlapped, and this discrepancy, called the
adhesion hysteresis, is usually observed for adhesive materi-
als.®** The approaching force curve represents both the
electrostatic repulsion between positively charged surfaces and
the steric hindrance of the polymer chains, which provides the
hard wall thickness, Dy, of the bound polymer layer on the
mica surface. The receding force curve measures the attractive
interaction between two surfaces, resulting in the cohesion
energy per unit area, W, of the polymer layer. Both W, and
Dy as a function of Cy, for G-PAGE and A-PAGE layers are
shown in Figure Sc,d, respectively.

A significant adhesion between the two G-PAGE surfaces at
Cnact = 0 M was detected, which stands in contrast to the A-
PAGE surfaces where no adhesion was detected at Cy,c = 0
M. This is clear evidence that the 7—n stacked guanidinium
pair can be formed below a critical salt concentration of
coacervation, consistent with the MD results. This further
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supports that simple coacervation occurs when the number of
guanidinium pairs goes beyond a critical value to create the
interchain network formation.

For the G-PAGE layers, W, decreases, and Dy significantly
increases with increasing Cy,c, while both values are nearly
independent of Cy, for the A-PAGE layers. It is interesting
that the interfacial behavior of G-PAGE is counterintuitive and
looks inconsistent with the bulk properties observed. We
further performed atomic force microscopy (AFM) to
investigate the surface morphology of A-PAGE and G-PAGE
layers as displayed in Figure Se. As Cy,( increases, the surface
roughness becomes more significant for the G-PAGE layer
while intact for the A-PAGE layer; root mean square (RMS)
values were calculated as 0.142 and 1.54 nm for Cy,c = 0 and
1.2 M, respectively, for the G-PAGE layers. It is reasonable that
a large number of guanidinium pairs produce intrasurface
aggregates on the mica surface at higher Cy,¢) resulting in a
rougher and thicker surface of the G-PAGE layers as illustrated
in Figure Sf.
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As observed in the rheological measurement, chain
relaxation in the G-PAGE coacervates requires the dissociation
and pair rearrangement of a number of guanidinium stackings.
This is a slow process when the activation energy of ~60—70
kJ/mol is considered. In addition, for the SFA measurement,
the bound chains on the mica surface and a lack of external
stimulus such as shear retard the chain relaxation more than
bulk coacervates. Therefore, once the intrasurface aggregates
are produced, intersurface pairing occurs fairly slowly when
two surfaces come into contact. The slow chain dynamics
associated with the rough surface lead to the lower probability
of forming the intersurface guanidinium pair, resulting in the
lower W, at higher Cy,¢.. It is noted that the force—distance
profile is nearly independent of the contact time up to 1 h
(data are not shown).

For the A-PAGE layers, a slight increase in W, with
increasing Cy,( is attributed to the van der Waals interaction
and additional ion-correlation effect when electrostatic
repulsion is effectively screened,”’ which is reasonably
consistent with non-attractive polymers. However, associative
guanidinium pairing plays a significant role in determining the
cohesion property for the G-PAGE layers. Slower chain
dynamics due to associative pairing and a high charge density
of G-PAGE mainly lead to the observed Cy,c-dependent
behavior of W, and Dy. This hypothesis suggests that the
optimized charge density of the guanidinium group in a
polyelectrolyte system opens a window to measure the
interaction energy of guanidinium stacking, which suggests a
promising future avenue for experiments.

4. CONCLUSIONS

In this work, we demonstrate the simple coacervation of a
guanidinium-containing polyelectrolyte triggered by mono-
valent salts and investigate the phase separation mechanism
considering the effect of salt and temperature on the 7—x
interaction. The synthetic route confirms that phase separation
is exclusively originated through a face-to-face stacked
structure of the cationic guanidinium groups. Although the
guanidinium pairs can exist at a lower salt concentration,
simple coacervation occurs when the number of guanidinium
pairs and, thus, intermolecular interactions goes beyond a
critical value to produce the network structure. In particular,
the critical temperature monotonically increases with increas-
ing monovalent salt concentration, regardless of the anion type.
The strong dependence of the salt concentration and
monovalent anion type on the upper critical solution
temperature reveals that the associative z—n interaction
becomes dominant when long-ranged electrostatic repulsion
is significantly attenuated, and thus, phase separation can be
precisely controlled. Furthermore, the dynamic characteristics
of the 7—r interaction directly affect both the bulk rheological
behavior and interfacial property of the simple coacervates. We
believe that our findings provide a fundamental understanding
of the phase separation mechanism and the dynamical behavior
of m—r stacked guanidinium pairs associated with coacervate
materials for biological and industrial applications and open
new avenues to design complex materials in aqueous media
with engineered non-covalent interactions.
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