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It is well known that polyelectrolyte complexes and coacervates

can form on mixing oppositely charged polyelectrolytes in aque-

ous solutions, due to mainly electrostatic attraction between the

oppositely charged polymers. Here, we report the first (to the best

of our knowledge) complexation and coacervation of two posi-

tively charged polyelectrolytes, which provides a new paradigm

for engineering strong, self-healing interactions between polyelec-

trolytes underwater and a new marine mussel-inspired underwater

adhesion mechanism. Unlike the conventional complex coacervate,

the like-charged coacervate is aggregated by strong short-range

cation–π interactions by overcoming repulsive electrostatic in-

teractions. The resultant phase of the like-charged coacervate

comprises a thin and fragile polyelectrolyte framework and round

and regular pores, implying a strong electrostatic correlation among

the polyelectrolyte frameworks. The like-charged coacervate pos-

sesses a very low interfacial tension, which enables this highly pos-

itively charged coacervate to be applied to capture, carry, or

encapsulate anionic biomolecules and particles with a broad range

of applications.

polyelectrolyte complexes | complex coacervates | cation–π interaction |
like-charged coacervate | surface forces apparatus

It is well known that polyelectrolyte complexes can be formed
when oppositely charged polyelectrolytes are mixed in aqueous

solutions (1–4). This often leads to fluid–fluid phase separation,
the so-called complex coacervation, namely, the appearance of a
dense polyelectrolyte-rich liquid phase (coacervate phase) and a
more dilute solution phase (aqueous phase, Fig. 1) (3, 4). The
formation of polyelectrolyte complexes or coacervate can be
impacted by many factors, including structural features of the
component polymers (e.g., molecular weight, charge density,
functional groups, hydrophilicity and hydrophobicity balance,
etc.), mixing ratio and concentration of the oppositely charged
polyelectrolytes, and solution and environmental conditions
(e.g., pH, ionic strength, temperature, etc.) (3–5).
Complex coacervate, which was suggested as “the origin of

life” (6), finds application in many engineering and biological sys-
tems, such as microencapsulation in food, and in pharmaceutical
and cosmetic industries due to the low interfacial energy of the
coacervate phase (3, 5, 7–9). Complex coacervate also plays a
critical role in the underwater adhesion of many sessile marine
organisms such as tubeworms and mussels, which secrete and
disperse adhesive proteins to form complex coacervates that
facilitate their positioning and spreading over a desired sub-
strate under seawater (10–12).
It is believed that polyelectrolyte complexation is driven by

mainly electrostatic attraction in long distances between oppo-
sitely charged polymer chains in water and by additional mo-
lecular recognition driving forces such as chirality, hydrogen
bonding, and hydration in short distances, implying that the
polyelectrolyte complex is composed of at least one polycation and
one polyanion, so-called oppositely charged complexation (when

fluid–fluid phase separation occurs, it is referred to as oppositely
charged coacervation) (13–15). Like-charged polyelectrolytes
have been long believed to be unable to form polyelectrolyte
complexes due to electrostatic repulsion, although multivalent
counterions can generate attraction between the like-charged
polymers (16, 17). More than three decades of biochemical
studies on mussels show that most of the characterized mussel
adhesive proteins are positively charged polyelectrolytes and no
negatively charged mussel adhesive protein has been reported
(18–21). Interestingly, almost equal amounts of aromatic resi-
dues coexist with the cationic residues in these mussel adhesive
proteins (20–23). Recent molecular and surface force mea-
surements have revealed the presence of strong adhesion be-
tween the cationic and the aromatic polymers in aqueous
solutions, which is believed to be due to cation–π interactions
(24–27), which, over short distances, could be stronger than the
electrostatic attraction between oppositely charged polymers in
aqueous solutions due to its low desolvation penalty (24, 25,
27). Cation–π interactions in living organisms play a key role in
various cellular activities, including neurotransmissions and ion
channels, because they show stronger interaction than hydro-
gen bonding and electrostatic interaction in wet conditions (24,
27). Therefore, it is speculated that the cation–π interaction
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could serve as a driving force for the formation of complex coacer-
vates of the positively charged mussel adhesive proteins underwater.
In this study, we show a new scheme of complex coacervate

formation from two like-charged polyelectrolytes (a cationic
recombinant mussel adhesive protein and a cationic polymer of
trimethyl-ammonium). The physical principle of like-charged co-
acervation, its nanostructure, and the consequent mechanical
properties are presented. Our results show that cation–π interac-
tions can lead to complex coacervation of cationic polyelectrolytes
underwater with low interfacial energy, and the findings of this
study provide an energetic new paradigm for preparing biomimetic
materials, especially with potential applications in cell encapsulant,
charged protein carriers, and adhesives.

Results

Like-Charged Complex Coacervate Formation from Rmfp-1/MADQUAT

Mixtures. The formation of like-charged complex coacervates was
investigated using two cationic polyelectrolytes, the recombinant
mussel foot protein-1 [Rmfp-1, 12-repetition of the decapeptide
of fp-1, M(AKPSYPPTYK)12] (20) and poly(2-(trimethylamino)ethyl
methacrylate) (MADQUAT) (Fig. 1). Rmfp-1 (20 mol% tyrosine
and 20 mol% lysine) is a π-rich polymer and one of the well-
characterized mussel adhesive proteins with high water solu-
bility (>500 mg/mL). Rmfp-1 has an exactly equal amount of
cationic and phenolic groups (20 mol%) without any negatively
charged residue, which reflects the intrinsic nature of the mussel
adhesive. MADQUAT was chosen as the counterpart for the
cation-rich polyelectrolyte for complex coacervation as the tri-
methylammonium group is expected to establish stronger cation–π
interactions than the lysine of Rmfp-1 (27). Buffer pH was fixed at
∼3.0 (0.1 M sodium acetate, pKa = 4.8), at which the carboxyl
terminus of Rmfp-1 is neutral (it is noted that the mussel adhesive
secretes to a marine environment at pH below 3.0) (28). By changing
the mixing ratio of Rmfp-1 and MADQUAT, the formation of the
complex coacervate was monitored by optical microscopy and tur-
bidity. Interestingly, the two like-charged polyelectrolytes undergo
liquid–liquid phase separation, similar to the conventional complex
coacervate of oppositely charged polyelectrolytes (Fig. 1 B and C).
As shown in Fig. 1C, the dense phase of the polymer complex settles
at the bottom of the e tube, waiting for 1 d after mixing the two
polyelectrolytes, while the dilute supernatant phase of the polymer
solution stays above.

Generally, solution turbidity is sensitive to the amount of com-
plex coacervate in solution during coacervate formation from two
oppositely charged polyelectrolytes (3, 5, 10). Interestingly, the
yield of complex coacervate from two positively charged poly-
electrolytes is much less sensitive to solution turbidity, which
suggests the density of the like-charged coacervate is lower than
that of the conventional coacervates. Indeed, the density of the
like-charged coacervate is about 1.16 g/cm3, lower than that of the
oppositely charged coacervates reported previously (1.4–1.8 g/cm3)
(10, 15, 29).
Varying polymer concentration (Fig. 2A), ratio between

MADQUAT and Rmfp-1 (Fig. 2B), and salt concentration
(Fig. 2C), the formation of complex coacervate was monitored.
The yield of the coacervate was calculated by measuring dense
coacervate volume in the solution after bulk phase separation
(Fig. 2B). At a MADQUAT:Rmfp-1 ratio of ∼3:7 (1:1 stoichi-
ometry of tyrosine/trimethylammonium units), maximum coacer-
vate yield was observed by comparing volume fractions. The
volume fraction of the like-charged coacervate at the maximum of
fixed total polymer concentration [Cp = 45% (wt/vol)] was gen-
erally higher (∼75% vol/vol) than that of the oppositely charged
coacervate (∼37% vol/vol), probably due to the electrostatic re-
pulsion between MADQUAT and Rmfp-1. As the total polymer
concentration (Cp) in the system is increased and the stoichiom-
etry of tyrosine and trimethylammonium approaches 1:1, the yield
of coacervates generally increased (Fig. 2B and Fig. S1). These
results suggest the formation of the like-charged complex co-
acervate was driven by cation–π interaction.
To probe contribution of cation–π interaction in the complex

coacervation, UV-resonance Raman spectroscopy of the co-
acervate was performed. Fig. 3 shows 325-nm–excited Raman
spectra of Rmfp-1, MADQUAT, equilibrium phase of Rmfp-1
and MADQUAT, and the dense coacervate phase of Rmfp-1
and MADQUAT in 0.1 M sodium acetate buffer (pH ∼3.0).
Characteristic Raman bands of Tyr residue of Rmfp-1 are
hardly observed in the Raman spectrum of Rmfp-1 or
MADQUAT (30–36). However, Raman spectra of the co-
acervate phases of Rmfp-1 and MADQUAT are remarkably
different from that of Rmfp-1 or MADQUAT alone. Bands
around 643 cm−1, 842 cm−1, 1,041 cm−1, 1,114 cm−1, 1,198 cm−1,
1,253 cm−1, 1,320 cm−1, 1,439 cm−1, 1,494 cm−1, 1,605 cm−1, and
1,667 cm−1 are clearly observed in coacervate phases of Rmfp-1/
MADQUAT, which are not detected in Raman spectrum of

Fig. 1. (A) Schematic of like-charged complex coacervate formation [Rmfp-1 (green) and MADQUAT (gray)]. (B) Light microscopy image of microdroplets of

Rmfp-1 and MADQUAT like-charged coacervate. (Scale bar, 50 μm.) (C) Bulk phase separation of the like-charged coacervate. (Scale bar, 1 cm.)
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MADQUAT or Rmfp-1 in the buffer. Specifically, enhancement
of the ring stretching vibrations of the tyrosine (Y8, ∼1,605 cm−1),
Fermi resonance of tyrosine (Y1, 830–850 cm−1), and the ring-O
stretching vibration (Y7, ∼1,198 cm−1 and 1,253 cm−1) support that
cation–π interaction between tyrosine in Rmfp-1 and MADQUAT
is one of the main contributors to the like-charged coacervate
formation (36). Strong enhancement of the amide I vibration
(∼1,667 cm−1) suggests the conformation changes in Rmfp-1
are due to the complexation (36).

Characterization of the Nanostructure of the Like-Charged Coacervate

Phase. To better understand the origin of the lower turbidity and
lower density of the like-charged coacervate than that of the
conventional coacervates, cryogenic transmission electron mi-
croscopy (cryo-TEM) analysis was conducted on a like-charged
coacervate and a conventional coacervate, composed of positively
charged Rmfp-1 and negatively charged hyaluronic acid (HA), for
comparison (Fig. 4).
Whereas the electrostatic attraction between Rmfp-1 and HA

sustains over longer distances (Fig. 4B), the short-range attraction
(i.e., van der Waals and cation–π interactions) between Rmfp-1
and MADQUAT is effective only over short distances, and the
overall interaction becomes repulsive at long distances underwater
(Fig. 4 A, II). As this short-range attraction is strong enough to
exceed the entropic gain and the longer-range repulsion caused by
polyelectrolyte dispersion, Rmfp-1 and MADQUAT form a
complex coacervate (note that the Rmfp-1 complex makes only
finite-sized bundles, because the short-range attraction between
Rmfp-1s is not strong enough, as seen in Fig. S2).

Nanostructures of the dense phase of the oppositely charged and
like-charged complex coacervates were imaged using cryo-TEM;
the nanostructures endow the two complex coacervates with dis-
tinct properties, as shown in Fig. 4 A, III and B, III. Both co-
acervates show multiply connected continuous network structures.
The conventional complex coacervate generally shows a thicker
polyelectrolyte framework with nonuniform distribution of pore
size (Fig. 4 B, III), whereas the like-charged coacervate shows a

Fig. 3. The 325-nm excited resonance Raman spectra of MADQUAT (black),

Rmfp-1 (red), mixture of Rmfp-1 and MADQUAT (blue), and dense co-

acervate phase of Rmfp-1 and MADQUAT (green) in 0.1 M sodium acetate

buffer (pH ∼3.0).

Fig. 2. (A) Phase diagram of MADQUAT/Rmfp-1 mixtures as a function of the concentration of Rmfp-1 and MADQUAT in 0.1 M sodium acetate buffer

(pH ∼3.0). Dashed line indicates the mixture of Rmfp-1 and MADQUAT with total polymer concentration (Cp) of 45% (wt/vol) for B. (B) Coacervate volume

fraction indicating complex coacervate formation of polyelectrolyte mixture as a function of MADQUAT content (in wt%). Total polymer concentration (Cp) was

fixed to 45% (wt/vol) in 0.1 M sodium acetate buffer (pH ∼3.0). Dashed line indicates the mixing ratio of 1:1 stoichiometry of tyrosine in rmfp-1 and

trimethylammonium in MADQUAT. (C ) Phase transition of the coacervate [red solid circle; Cp = 45% (wt/vol)] as a function of NaCl concentration. The

vertical line at 0.3 M NaCl concentration is for transparent coacervate–turbid coacervate phase transition, and the vertical line at 0.6 M NaCl concentration is for

turbid coacervate–viscous phase transition. The red solid circle in A–C is the same point when Cp = 45% (wt/vol) in 0.1 M sodium acetate buffer (pH ∼3.0).
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much thinner polyelectrolyte framework and regular-sized pores,
which indicates stronger correlation between the like-charged
polyelectrolyte frameworks (Fig. 4 A, III) Based on this concept
we estimate the size of the pore. If we assume that the pore size
may grow until adhesive cation–π interaction is balanced with
Debye–Huckel electrostatic repulsion (37, 38), the estimated
pore size is roughly consistent with experimental value (detailed
in Supporting Information).

Physical Properties of the Like-Charged Coacervate Phase Measured

by Using the Surface Forces Apparatus. A surface forces apparatus
(SFA) was used to quantify the interactions between MADQUAT
and Rmfp-1, which helps in understanding the driving forces be-
hind the formation of like-charged coacervates (10, 11, 29). Fig.
5A shows the force–distance profile of a MADQUAT-coated mica
surface interacting with an Rmfp-1–coated mica surface in
100 mM sodium acetate solution (pH ∼3.0). It is noted that the
force curves during moving in and moving out of the two surfaces
do not overlap, which was mainly due to the interaction differences
between the interacting surfaces during approaching and separation
(or so-called adhesion hysteresis as generally observed for adhe-
sive systems) (20, 27, 39). The approaching force curve shows
repulsion, which was mainly due to electrical double-layer re-
pulsion between positively charged surfaces and steric interactions
of the opposing polymer chains extended to aqueous solution, in
competition with attractive interactions such as van der Waals and

cation–π interactions. The confined film thickness of MADQUAT
and Rmfp-1 between the two mica surfaces was ∼11 nm. A strong
adhesive of Fad/R ∼ −22.4 mN/m (Wad ∼ 4.8 mJ/m2) was detected
during the separation of the Rmfp-1 and MADQUAT surfaces,
which is ∼20% higher than the cohesion between two Rmfp-1
layers (Wad ∼ 3.9 mJ/m2) (23). It suggests that stronger cation–π
interaction between trimethyl ammonium in MADQUAT and
phenol than that between lysine in Rmfp-1 and phenol is a main
driving force for the like-charged complex coacervation.
To further elucidate the interactions between the MAD-

QUAT and Rmfp-1 surfaces, a salt effect was investigated by
introducing KNO3 of different concentrations (0 mM, 1 mM,
10 mM, 100 mM, and 250 mM) in the 100-mM acetic acid solution
(pH ∼ 3.0). As shown in Fig. S3, when the KNO3 concentration
increases from 0 mM to 250 mM, the adhesion between
MADQUAT and Rmfp-1 gradually decreases and eventually changes
to repulsion. This could be mainly attributed to two factors:
(i) K+ ions can compete with and replace the trimethylammonium
cations in the cation–π interaction between the two surfaces even
at low concentrations and (ii) the increasing of entropic and steric
pressure between the MADQUAT and Rmfp-1 surfaces. It is
evident from the SFA results that the strong cation–π interactions
between the positively charged trimethylammonium group and the
aromatic phenolic group of Rmfp-1 contribute to the adhesion,

Fig. 4. Comparison of complex coacervates of (A) like-charged polyelectrolytes, Rmfp-1 and MADQUAT, and (B) oppositely charged polyelectrolytes, Rmfp-1

and hyaluronic acid. In A and B, (I) schematic interaction of the coacervates, (II) interaction potential vs. distance curve [V(D) is the interaction potential and

D is the distance between functional groups], and (III) cryo-TEM images of the coacervates are shown. (Scale bar, 200 nm.)

Fig. 5. Force–distance profiles relative to separation distance between two surfaces. (A) Interaction between Rmfp-1 film and MADQUAT film on mica

surfaces relative to their separation distance (D). (B) Interaction profile demonstrating the adhesive pull-off force measured from the capillary adhesion of the

like-charged complex coacervate phase of Rmfp-1 and MADQUAT between two mica surfaces. Open blue circles, approach; solid red circles, separation. The

y axis on the left gives the measured force, F/R (force normalized by the radius of the surface), whereas the y axis on the right gives the corresponding

adhesion energy per unit area (W) between two flat surfaces, defined by W = F/1.5πR. The interfacial energy (γ) of the water/coacervate phase interface is

defined by γ = Fad/4πRcosθ.

E850 | www.pnas.org/cgi/doi/10.1073/pnas.1521521113 Kim et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521521113/-/DCSupplemental/pnas.201521521SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521521113/-/DCSupplemental/pnas.201521521SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1521521113


which lead to complex coacervation between the two positively
charged polyelectrolytes.
Low interfacial energy in aqueous solutions is a key physical

property of coacervates. SFA was applied to directly measure
the interfacial energy of the MADQUT/Rmfp-1 coacervate by
following a method reported previously (10, 29). For a typical
measurement, the dense coacervate was deposited and was con-
fined between two opposing mica surfaces by forming a coacervate
meniscus bridge, and its capillary adhesion Fad was determined
from the force–distance curve obtained by the SFA as shown in
Fig. 5B, which is correlated to the interfacial energy γ of the water/
coacervate phase interface by

γ =Fad=4πR cos θ,

where R is the local radius of curvature of interacting surfaces,
θ is the contact angle, and cos θ ∼ 1 due to the complete wetting
of mica with the coacervate phase. Fig. 5B shows a typical force–
distance profile of the like-charged coacervate phase confined
between two mica surfaces. A ∼15-nm-thick layer of coacervate
film is confined between the two mica surfaces during approach.
The adhesion Fad/R = 7.2 mN/m, measured during separation (at
8.1 nm/s), is due to the capillary bridging of the coacervate. Herein,
the coacervate/water interfacial energy was determined to be
∼0.57 mJ/m2, which is close to the previously reported values
for the conventional complex coacervates based on poly(L-lysine
hydrochloride) and poly(L-glutamic acid sodium salt) under sim-
ilar experimental conditions (29). Moreover, the adhesion force
(and interfacial energy) of the coacervate depends on the sepa-
ration speed. As the separation velocity decreases from 12.3 nm/s
to 5.7 nm/s, the calculated effective interfacial energy decreases
from ∼0.93 mJ/m2 to ∼0.36 mJ/m2 (Fig. S4). As the separate
velocity further decreases to <5 nm/s, the adhesion force and
calculated effective interfacial energy would continue to drop
(29), suggesting that the thermal equilibrium interfacial energy
of the like-charged coacervate would be <0.3 mJ/m2. Such rate-
dependent adhesion is consistent with previous reports on con-
fined polymer melts (39) and conventional coacervates (10, 29).

Effect of Added Salt and Nanoparticle Encapsulation. The highly cat-
ionic like-charged complex coacervate can capture negatively
charged ions and agents. The yield of the like-charged coacervate
decreases with increasing salt concentration (0–1 M of NaCl, Fig.
2C). The addition of a 2:1 salt (CaCl2) does not show any signif-
icant impact on the turbidity of the coacervate, whereas the tur-
bidity increases significantly with the addition of a 1:2 salt,
Na2(HPO4) (Fig. S5). Although divalent cation Ca2+ can get in-
volved in cation–π interactions, divalent Ca2+ would encounter
electrostatic repulsion with the cationic polyelectrolytes here and a
significant potential barrier across the coacervate boundary (40).
Therefore, the addition of Ca2+ did not significantly influence the
coacervate structure. In contrast, the divalent anion can replace
the monovalent anion penetrating into the pores of the co-
acervate. The addition of divalent anions at high concentrations
(i.e., 1 M) can not only reduce the repulsion significantly but also
generate attraction between the like-charged polyelectrolytes (16,
17). As a result, the pore size is reduced and the density of the
coacervate increases. The density of the coacervate phase in-
creases to 1.92 g/cm3 with the addition of 1MNaCl and to 1.55 g/cm3

with the addition of 0.5 M Na2(HPO4). Moreover, the relative
turbidity of the like-charged coacervate phase was drastically in-
creased (Fig. 2C and Fig. S5) with increasing salt concentration.
The TEM image shown in Fig. S6 reveals that the deswelling
occurs locally; this may be the origin of the turbidity increase.
Adding salt, the screening length of electrostatic repulsion is re-
duced. Hence, the average distance between MADQUAT and
Rmfp-1 becomes shorter. This will lead to the shrinkage of the

dense phase on increasing the salt concentration. At large enough
salt concentration, the phase becomes turbid and viscous.
Like-charged complex coacervates have potential applications

in encapsulation of a wide range of anionic materials due to the
low interfacial tension for drug and cell delivery and for bioactive
coating. As a proof of concept, negatively charged silica nano-
particles were encapsulated by the like-charged coacervate of
Rmfp-1/MADQUAT. A thin layer of the coacervate coating with
encapsulated silica nanoparticles was observed (Fig. S7), which
clearly demonstrates that the coacervate coating functionally
prevents nanoparticle aggregation.

Discussion

This study shows that the strong short-range cation–π interaction
between the trimethylammonium and phenolic groups triggers
the complexation of two positively charged polyelectrolytes by
overcoming longer-range electrostatic repulsion (Fig. 1). SFA
results support this idea (Fig. 5).
The yield of like-charged coacervate is much less sensitive to

solution turbidity than the conventional complex coacervate is,
because of the lower density of the like-charged coacervate, in-
dicated by density measurements. The microscopic origin of the
low turbidity may be found in the TEM image, which shows that
the like-charged coacervate has a multiply connected continuous
network structure. The like-charged coacervation has two per-
spectives of different network structure: one characterized by the
width of the polymer complex framework and the other by the
undulating length or pore size, in comparison with the conven-
tional coacervate (Fig. 4). The polymer complex framework is thin
and straight, and the variation in domain size is much smaller than
that for conventional coacervates. This indicates that the like-
charged coacervate forms more regular complex domains via
interplay of strong short-range attractions and longer-range
repulsions. The pore size of the like-charged coacervate is reg-
ular and it is round shaped, which demonstrates strong longer-
range correlation between the polymer complex frameworks.
Thus, the low turbidity of the like-charged coacervate is probably
due to the thin coacervate domain width.
To elaborate our observations on the formation of like-charged

complex coacervates, a two-step process model is proposed, similar
to the model proposed by Veis (41) and Tainaka (42) for
conventional complex coacervate. It involves (i) like-charged
polyelectrolytes forming finite-sized aggregates driven by the cat-
ion–π bond, thus overcoming electrostatic repulsion, and (ii) the
aggregates undergoing a phase separation to form a dense mac-
roscopic phase, leaving a dilute phase where the polyelectrolytes
are depleted. Due to the strong longer-range electrostatic re-
pulsion, they form a sponge-like structure with a finite spatial
correlation, i.e., a multiply connected continuous network phase. In
summary, the two-step process can be written as

½Rmfp-1�solution + ½MADQUAT�solution
→ ½Rmfp‐1 ·MADUQAT�aggregates
→ ½Rmfp-1 ·MADQUAT�dense  complex

+Rmfp-1 ·MADQUAT�dilute  solution,

where the lowercase labels denote the status of polymer.
Fig. S2 shows the cryo-TEM image of Rmfp-1 chains in 0.1 M

sodium acetate (pH ∼3.0), forming finite-sized bundles (about
4 nm thick), the aggregation induced by the cation–π interaction
among the like-charged Rmfp-1 chains. The underlying mecha-
nism is as follows: Due to the like-charge repulsion within the
contour of Rmfp-1, it can be approximated as a directed polymer
(the TEM image agrees well this approximation), and, as pre-
sented in the previous study, these like-charged semiflexible
polyelectrolytes can undergo bundling in the presence of strong
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short-range cation–π attraction. The instability condition of
the liquid phase is expressed as ðρe2=Lk4ÞjβV ð−kÞjbðLk2=eÞ> 1,
where k is a wavenumber, β= 1=kBT, e is the line tension along
the polymer, V is the potential, L is the contour length of the
polymer, ρ is the density, and bðxÞ=−8+ 9 expð−ðx=2ÞÞ+ 2x. The
phase diagram of bundle formation and phase separation has
been provided as a function of the potential. We obtained the
phase diagram shown in Fig. 6 by approximating the electrostatic
repulsion as the Debye–Hückel potential and the cation–π in-
teraction as the Gaussian function. In Fig. 6, ΓR,ΓA represent the
strengths of repulsion and attraction, respectively, and λR, λA
represent the screening lengths of repulsion and attraction, re-
spectively. ΓR and λR are obtained from the line charge density
and the salt concentration, whereas ΓA and λA are calculated
from numerical simulation using Gaussian09 (43). The obtained
maximum attraction between a single lysine residue and a single
phenol group in Rmfp1 is about −6.0 kBT at distance of 4.5 Å,
whereas it is about −9.0 kBT at distance of 4.2 Å between a
trimethyl group in MADQUAT and a single phenol group in
Rmfp-1. We can estimate ΓA, λA by considering the number of
such bonds within a single-chain complex. In Rmfp-1, there are a
maximum of 24 bonds, which is about −144 kBT estimated from
the formation of 24 bonds per polypeptide. On the other hand,
Rmfp-1 and MADQUAT can have about −216 kBT.
Then, why do Rmfp-1 and MADQUAT form a network

structure whereas Rmfp-1 by itself forms only bundles? Without
any added salt, Rmfp-1 in aqueous solution does not aggregate
to form a regular structure because of strong electrostatic re-
pulsions (“liquid” region I in Fig. 6). On addition of salt, which
decreases the repulsive screening length, λR (corresponding to
the perpendicular downward shift in the phase diagram), finite-
sized bundles are formed (“finite bundles” in Fig. 6, region II,
Inset ). For the mixture of Rmfp-1 and MADQUAT, where the
cation–π interaction is stronger (corresponding to the parallel
shift to right in the phase diagram) and the ionic strength is
larger, even without additional salt, due to the additional chlo-
ride ions produced during the dissolution of MADQUAT (cor-
responding to the perpendicular downward shift in the phase

diagram), the bundle grows to an infinite interconnected phase
(“infinite bundle” in Fig. 6, region III, Inset).
It is known that the low interfacial energy is the hallmark of

the conventional coacervate. The interfacial tension of the like-
charged complex coacervate is even lower than that of the con-
ventional one (Fig. 5B). The origin of the low interfacial tension
of like-charged complex coacervate is probably the fragile net-
work structure of weak and sparse cross-links observed in the
cryo-TEM images (Fig. 4 A, III and B, III). The low interfacial
energy indicates that the positively charged coacervates could
easily spread over a surface underwater or in air, showing strong
potential for application in underwater adhesives, surface coat-
ings, and encapsulation. Indeed, the like-charged complex co-
acervates engulf various types of particles, oils, and dyes in aqueous
solutions. In addition, a thin layer of the coacervate coating on the
SiO2 nanoparticles was observed by TEM, which functionally
prevented the nanoparticle aggregation (Fig. S6).

Conclusion

This study demonstrates to our knowledge the first complexation
and coacervation of two like-charged polyelectrolytes, which
provides an energetic new paradigm for engineering strong and
self-healing interactions between polymers underwater and a
new underwater adhesion mechanism inspired by marine mussels.
The molecular force measurements by the SFA and theoretical
simulations indicate that the complexation of the like-charged
coacervate is most likely driven by strong short-range cation–π
interactions. In addition, the like-charged coacervate maintains
low interfacial energy in aqueous solution (<1 mJ/m2), the hall-
mark of the conventional coacervate. The like-charged coacer-
vates have significant potential applications in several fields,
including encapsulation and dispersion of particles and cells.

Materials and Methods
Material. Rmfp-1s composed of 12 and 22 repeated decapeptides (AKPSYPPTYK)

of fp-1 were produced using the Escherichia coli system, as previously

reported (10). The purity of Rmfp-1 (∼95%) was confirmed using SDS/PAGE

and amino acid analysis. Molecular masses of rfp-1s were about 13.6 kDa

and 24.9 kDa from the matrix-assisted laser desorption ionization time of flight

mass spectroscopy (MALDI-TOF MS) analysis. The poly(2-dimethylamino)ethyl

methacrylate)methyl chloride quaternary salt (MADQUAT; average molecular

weight, Mr = 8,900) was obtained from Sigma-Aldrich. Salts were purchased

from Sigma-Aldrich. The plain capillary tube for density measurement was

purchased from Kimble-Chase.

Complex Coacervation of Rmfp-1 and MADQUAT. By varying the ratio between

MADQUAT and Rmfp-1 at pH 3.0 (adjusted with sodium acetate and acetic

acid), polymers concentration, and salt concentration in 0.1M sodium acetate

buffer, coacervation of the two polyelectrolytes was monitored by an optical

microscope. The bulk phase separation (Fig. 1C) was achieved by waiting for

1 d after mixing the two polyelectrolytes. The coacervate volume fraction

(the coacervate phase/total volume of liquid) was calculated by measuring

the volume of dense coacervate phase (Fig. 1C, bottom) and total volume

after the bulk phase separation. Turbidity measurements were conducted

using UV-Vis spectrophotometry at 600 nm. The relative turbidity is defined

as –ln(T/T0), where T and T0 are light transmittance with and without sample,

respectively (10).

UV-Resonance Raman Spectroscopy. Raman spectra were measured using a

Jobin Yvon/HORIBA LabRamARAMIS Raman spectrometer with radiation from

an air-cooled He-Cd laser (325 nm). Raman scattering was detected at a ge-

ometry of 180°, using a Peltier/thermoelectric-cooled (‒70 °C) charge-coupled

device (CCD) camera (1,024 × 256 pixels2). The typical accumulation time used

in this study was 120 s. The Raman spectra shown in Fig. 3 were subjected to

the following pretreatment steps: baseline correction by means of a linear

function, smoothing using the Savitzky–Golay algorithm with 11 filter width,

and finally normalization to a constant total area in the analyzed region.

Cryo-TEM (Freeze Substitution for Ultrastructural Analysis). All samples were

cryo-fixed in a high-pressure freezer (Leica EM HPM100; Boeckeler In-

struments) and stored under liquid nitrogen until freeze substitution.

Fig. 6. The phase diagram of the Rmfp-1 and MADQUAT mixture. The

parameters are estimated from the Gaussian09 simulations. ΓR and ΓA rep-

resent the strengths of repulsion and attraction, respectively, and λR and λA

represent the screening lengths of repulsion and attraction, respectively. ΓR

and ΓA are scaled with respect to the thermal energy kBT and λR and λA with

respect to the radius of gyration of the polymers,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðL=βeÞ
p

. In region I,

polymer complexes are liquid-like. On increasing the strength of the at-

tractions, the liquid-like polymer complexes form finite-size bundles (region

II). The size of the bundle increases on further increasing the strength of

the attractions or decreasing repulsive screening length, and it eventually

transits to infinite bundle in region III, i.e., macroscopic phase separation.

However, the infinite bundle has a finite correlation length to avoid a large

electrostatic energy penalty and forms a sponge-like structure.
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The cryo-fixed samples were incubated in anhydrous acetone containing

2 (wt/vol)% OsO4 for 5 d at −80 °C, and then the samples were warmed

to 20 °C over 2 d (24 h from −80 °C to −20 °C, 20 h from −20 °C to 4 °C,

and 4 h from 4 °C to 20 °C). The samples were thoroughly washed three

times with anhydrous acetone before resin embedding. After rinsing off

the anhydrous acetone at room temperature, the samples were em-

bedded in Epon 812 resin (EMS). After the dehydration, infiltration,

polymerization, sectioning, and staining, the sectioned samples were

observed with TEM (JEM-1011; JEOL).

Force and Interfacial Energy Measurements by the SFA. The interaction forces

betweenMADQUAT and Rmfp-1 and the interfacial energy of the coacervate

of MADQUAT and Rmfp-1 were measured using an SFA (SurForce LLC). The

detailed experimental setup of the SFA has been reported elsewhere (44).

Briefly, thin silver-backed mica sheets (∼5 μm thickness) were glued onto

cylindrical silica disks (radius R = 2 cm). Mica surfaces were cleaned using

UV-ozone treatment before coating the polyelectrolytes.

For force measurements between MADQUAT and Rmfp-1, the two mica

surfaces were separately drop coated with MADQUAT and Rmfp-1, using a

10-μg/mL MADQUAT solution and a 10-μg/mL Rmfp-1 protein solution in

0.1 M acetic acid, for 20 min. The two surfaces were washed five times with

100 mM acetic acid solution and then mounted into the SFA chamber for

measurement in cross-cylinder geometry. This interaction locally corresponds

to that of a sphere of the same radius approaching a flat surface based on

the Derjaguin approximation, when the separation distance is much smaller

than the local radius of curvature. The interaction forces and the separation

distance between the surfaces were determined in situ and in real time,

using multiple-beam interferometry. The measured adhesion force, Fad, is

correlated to the adhesion energy per unit area Wad by Fad = 1.5πRWad for

soft, deformable materials (20, 45).

A previously reported procedure was applied to measure the interfacial

energy of the Rmfp-1/MADQUAT coacervate (10, 29). Briefly, 100 μL of the

centrifuged coacervate phase was injected between two mica surfaces and

was equilibrated for at least 10 min. A top-view microscope was used to

observe and ensure the formation of the coacervate meniscus bridge when

the two mica surfaces were brought close. Then, the force–distance profiles

were obtained and capillary bridging adhesion was measured.
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