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ABSTRACT: Adhesive systems in many marine organisms are
postulated to form complex coacervates (liquid−liquid phase
separation) through a process involving oppositely charged
polyelectrolytes. Despite this ubiquitous speculation, most wellcharacterized mussel adhesive proteins are cationic and polyphenolic,
and the pursuit of the negatively charged proteins required for bulk
complex coacervation formation internally remains elusive. In this
study, we provide a clue for unraveling this paradox by showing the
bulky ﬂuid/ﬂuid separation of a single cationic recombinant mussel
foot protein, rmfp-1, with no additional anionic proteins or artiﬁcial
molecules, that is triggered by a strong cation−π interaction in
natural seawater conditions. With the similar condition of salt
concentration at seawater level (>0.7 M), the electrostatic repulsion
between positively charged residues of mfp-1 is screened signiﬁcantly,
whereas the strong cation−π interaction remains unaﬀected, which leads to the macroscopic phase separation (i.e., bulky
coacervate formation). The single polyelectrolyte coacervate shows interesting mechanical properties including low
friction, which facilitates the secretion process of the mussel. Our ﬁndings reveal that the cation−π interaction modulated
by salt is a key mechanism in the mussel adhesion process, providing new insights into the basic understanding of wet
adhesion, self-assembly processes, and biological phenomena that are mediated by strong short-range attractive forces in
water.
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solutions that constitute the stoichiometric complexes. These
complexes are separated into a dense liquid phase of
concentrated polymers, which is called the coacervate, and
dilute liquid phases that depend on conditions such as the pH,
ionic strength, and polyelectrolyte concentration.4,8,9
In the case of Phragmatopoma californica, adhesive glue is
secreted in a dense coacervate form with two oppositely
charged polyelectrolyte adhesives that can readily extend over

ussel adhesive proteins have been spotlighted as an
innovative underwater adhesive system.1,2 A critical
unsolved paradox of mussel adhesive proteins is how
they strongly maintain their adhesion in water despite generally
being water-soluble polyelectrolytes.3 Because understanding
this paradox is a key to the design of innovative underwater
adhesives, it has been intensively studied. There is a consensus
that the mussels secrete their adhesive proteins in a dense liquid
form called a complex coacervate, which has a low interfacial
energy to wet the surface for proper adhesion.4−7
Complex coacervation is a liquid−liquid phase separation in
which polyanions and polycations are mixed in aqueous
© XXXX American Chemical Society

Received: February 26, 2017
Accepted: June 14, 2017
Published: June 14, 2017
A

DOI: 10.1021/acsnano.7b01370
ACS Nano XXXX, XXX, XXX−XXX

Article

www.acsnano.org

Article

ACS Nano

Figure 1. Coacervate formation of a single polyelectrolyte in an underwater adhesive system. (a) Formation of the simple coacervate by mussel
is dictated by the salt concentration, which is regulated by the secretion of adhesive proteins (mussel foot protein, mfp-1). The mussel (top)
secretes mfp-1 from the groove at the tip of its foot. The secreted mfp-1 forms a simple bulky coacervate, which is triggered by the change in
salt concentration. An increase in salt concentration results in electrostatic repulsion between positive residues, which is signiﬁcantly
screened, whereas mfp-1 forms a strong cation−π interaction. This interaction causes macroscopic phase separation: the formation of a
simple bulky coacervate. (b) Decapeptide sequence of recombinant mussel foot protein (rmfp-1) in this study. Cationic lysine (blue) and
phenolic tyrosine (red) residues in the decapeptide are highlighted. (c) Bulk phase separation of the single-component coacervate of rmfp-1.
The top phase is the rmfp-1-depleted dilute phase, and the bottom phase is the dense simple coacervate phase of rmfp-1. The scale bar
represents 1 cm. (d) Light microscopy image of microdroplets of rmfp-1 single-component coacervate. The scale bar represents 40 μm. (e)
Structure of the dense rmfp-1 single-component coacervate under a cryogenic transmission electron microscope (cryo-TEM). The area with
higher polymer density displays darker contrast in the TEM image. The scale bar is 500 nm. Rmfp-1 was self-coacervated in 0.1 M acetate
buﬀer (pH ∼3.0) with 0.6 M sodium chloride and a total rmfp-1 concentration (Cp) of 30% (w/v).

the surface of wet mineral substrates and ﬁll up any gap due to
the low interfacial energy of the coacervate but does not diﬀuse
because of the seawater.4,5,10 The entire mechanism by which
this adhesive glue can rapidly set and slowly harden, which is
mediated by DOPA (3,4-dihydroxyphenylalanine), is very likely
to be triggered by the pH jump when the glue travels through
its secretory pathway, at pH 5.0, to the seawater, with pH 8.2.
The high diﬀusion coeﬃcient also enables the quick dispersion
of water so that an optimal hydration level for the adhesive can
be attained, whereas the low interfacial energy enables eﬃcient
wetting on the adhered surfaces.11 Owing to these properties,
the complex coacervate has also been considered as an ideal
choice for an underwater adhesive processing of mussels.
Nevertheless, there is an important diﬀerence in the
coacervation mechanism between conventional complex
coacervate of P. californica and the actual mussel adhesive
system.

All of the more than 20 known mussel adhesive proteins are
cationic and polyphenolic protein,3,12 which indicates that the
conventional coacervation mechanism cannot be applied to
mussel adhesive. Thus, an alternative driving force to condense
the mussel adhesive proteins is required to link the mussel
adhesive secretion process to coacervation. A strong cation−π
interaction between aromatic and cationic amino acid residues,
which are almost equally present in characterized mussel
adhesive proteins, is a recognized candidate for an alternative
driving force for coacervation.13,14 At long distance, the
cation−π bond, which is basically a monopole−quadrupole
interaction, is shorter-ranged and weaker than electrostatic
repulsion. However, at a closer distance (on the order of several
Å), this bond can be even stronger than the electrostatic
repulsion in water (monopole−monopole repulsion) because
of the dehydration property of aromatic residues.15−17
B
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Figure 2. Formation of coacervation of rmfp-1 with the addition of NaCl. (a) Phase diagram of rmfp-1 in 0.1 M sodium acetate buﬀer (pH
∼3.0) with varying NaCl and rmfp-1 concentrations. (b) The 325 nm excited resonance Raman spectra of rmfp-1 in 0.1 M sodium acetate
buﬀer (pH ∼3.0) without NaCl (gray), 400 mM NaCl (blue), and 800 mM NaCl (red).

sea salt concentration. In this work, we report the salt (NaCl)induced coacervation of single cationic recombinant mussel
coating protein via cation−π interactions. Our ﬁndings provide
important insights into the puzzle of wet mussel adhesion in
nature and protein interactions in aqueous media, in general.

Indeed, the phase separation can be initiated from this shortranged cation−π interaction by introducing an artiﬁcial
synthetic polyelectrolyte with a strong cation moiety
(trimethylammonium), which can have a much stronger
cation−π bond, into the mussel protein.18 However, the
cation−π interaction in the mussel under physiological
conditions is not suﬃciently strong to overcome the longrange electrostatic repulsion, and mussel adhesive protein alone
does not undergo macroscopic phase separation.14 Key natural
regulators that signiﬁcantly suppress the longer-range repulsion
while not changing or even enhancing the shorter-range bond
are unknown.
A clue may be found from the most abundant molecules in
seawater, salts, which regulate the local water dehydration
around solubilized molecules and control both cation−π
attraction and electrostatic repulsion (Figure 1a). Recently, it
was reported that salt destroys self-coacervates such as dense
protein droplets in biological systems to dilute solutions via its
ability to screen out the long-range electrostatic attraction
between oppositely charged functional groups.19,20 In contrast,
in the mussel adhesive system, the electrostatic interaction is
repulsion due to the cationic nature of the mussel adhesive
proteins. Hence, salt reduces the electrostatic repulsion. In
addition, the most dominant substance in sea salt, NaCl, does
not reduce the cation−π interaction, as observed in our
previous work.21 Thus, NaCl can be a natural regulator to
induce the coacervation of the mussel adhesive system, and we
can ﬁnally successfully induce single-component coacervation at

RESULTS AND DISCUSSION
Simple Bulky Coacervate Formation from Mussel
Coating Protein. The formation of simple bulky complex
coacervates was investigated using the recombinant mussel foot
protein-1 [rmfp-1, 12 repetitions of the fp-1 decapeptide,
M(AKPSYPPTYK)12] (Figure 1b).22 Mfp-1 is present in the
extraordinarily tough cuticle of the mussel byssus, and it is a πrich polymer and a well-characterized mussel coating protein
with high water solubility (>500 mg/mL).18,23 It has exactly
equal amounts of cationic and phenolic groups (20 mol %),
with no negatively charged residues, which reﬂects the intrinsic
nature of the mussel adhesive system (Figure 1b). By increasing
the concentration of sodium chloride to a level equivalent to
that in seawater (∼0.7 M), where 300 mg/mL of rmfp-1 is
exposed, the formation of a simple bulky coacervate, which is a
ﬂuid−ﬂuid separation induced by one polyelectrolyte, was
monitored visually (Figure 1c). The microdroplets due to the
formation of complex coacervate was also conﬁrmed by optical
microscopy (Figure 1d). Surprisingly, rmfp-1 undergoes a
ﬂuid−ﬂuid phase separation (simple coacervation) similar to
that of a conventional complex coacervate of oppositely
charged polyelectrolytes, despite the lack of anionic polyC
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Figure 3. (a) Interaction energy between lysine and tyrosine in rmfp-1 is measured as a function of their separations and ﬁt with a model
potential of Gaussian function. (b) Phase diagram of the rmfp-1 within our theoretical model. Parameters are estimated from the simulations.
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,

( ).
L
βϵ

Inset: Cryo-TEM images of rmfp-1 solution. The scale bar is 500 nm. Regions I, II, and III represent the states of the rmfp-1 in the liquid-like,
ﬁnite complex formation, and inﬁnite complex phases, respectively. The ﬁnite complex of rmfp-1 (region II) to the coacervate phase (III) is
triggered by the increase in cation−π bond strength (black dashed line) or the decrease in screening length of the electrostatic repulsion (blue
straight and blue dashed line).

Macroscopic Like-Charged Simple Polyelectrolyte
Complexation Due to the Cation−π (Short-Range)
Bond. The underlying physical mechanism of this simple
coacervation is analyzed using computer simulations and
theoretical analysis. We pursued the simple coacervation
condition and mechanism of rmfp-1 triggered by the high
concentration of NaCl. Presumably, the longer-range electrostatic repulsion between positively charged residues of mfp-1 is
screened signiﬁcantly, whereas at shorter range, the strong
cation−π interaction remains unaﬀected with the addition of
NaCl, which eventually leads to the macroscopic ﬂuid/ﬂuid
phase separation.
We applied a Landau−Ginzburg-like theory with a coarsegrained order parameter. We approximated rmfp-1 as a
semiﬂexible polymer chain with a long persistence length.
Two competing interactions (longer-range electrostatic repulsion and shorter-range cation−π bonds) were modeled as
U(x) = UR(x) + UA(x). The longer-range interaction UR(x) is
represented as a Debye−Huckel interaction, which reﬂects the
screening eﬀect of salt. In the chain geometry, it becomes a
modiﬁed Bessel function of the second type of order zero,
UR(x) = ΓRK0(κx). For an attractive interaction of the cation−π
bond UA(x), we have few tractable candidates in the analytical
calculation. To properly model the interaction, we performed
quantum simulations using Gaussian09 and ﬁtted with a few
candidate functions. Among them, we found that the shorterrange bond is remarkably well approximated by a Gaussian

electrolytes. In cryo-TEM analysis, rmfp-1 also shows a
bicontinuous nanostructure that is similar to those in the
cryo-TEM images (Figure 1e) of previously studied complex
coacervate systems.4,11 As shown in Figure 1c, the dense phase
of the polymer complex settles at the bottom of the e-tube
when the salt concentration increases, whereas the dilute
supernatant rmfp-1 is depleted in the above solution. These
experimental results show the bulky ﬂuid/ﬂuid separation of a
single cationic recombinant mussel foot protein, rmfp-1, with
no additional anionic proteins or artiﬁcial molecules, that is
triggered by a strong cation−π interaction in natural seawater
conditions.
Characterization of the Simple Coacervation Formation. A recent solid-state 2D NMR experiment with the
mussel adhesive peptides has already shown the cation−π
interaction between tyrosine and lysine in the peptide.24 In this
study, to probe the enhancement of cation−π interaction
between tyrosine and lysine in rmfp-1 due to the addition of
NaCl, UV resonance Raman spectroscopy of the coacervate has
been conducted before and after the self-coacervation. Figure
2b shows 325 nm excited Raman spectra of rmfp-1 in 0.1 M
sodium acetate buﬀer (pH ∼3.0) without NaCl, with the
additional 400 mM NaCl (before the self-coacervate) and with
the addition of 800 mM NaCl (after the self-coacervation). All
spectra are normalized by the band at 2946 cm−1 assigned to
CH stretching to show enhancements of cation−π interaction
quantitatively. Raman spectrum of the self-coacervate in the
presence of NaCl is enhanced as compared to the case of rmfp1 alone. Bands at around 834, 856, 1185, 1213, 1267, and 1620
cm−1 are enhanced in the self-coacervate phase. Speciﬁcally,
enhancement of the ring stretching vibrations of the tyrosine
(Y8a, ∼1620 cm−1),25 Fermi resonance of tyrosine (Y1, 834
and 856 cm−1),25 and the ring-O stretching vibration (Y7,
∼1213 and 1267 cm−1) support that enhanced cation−π
interaction between tyrosine and lysine in rmfp-1 is one of the
main contributors for the self-coacervate formation.18
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potential UA(x) = −ΓA exp − λ 2
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3a). The ﬁtting

parameters are also notably relevant to the actual bond strength
and bond length. Thus, we used them as interaction potentials
and applied them to the theoretical analysis that we
developed.18
Then, the phase separation condition is expressed as
F(k*) = ρ*|U *(k*)|b(k*) > 1
D
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where of k* and ρ* are the dimensionless wave vector and
average real density of the polymers, respectively, which are
scaled by

( βLϵ )

and

3/2

( βLϵ )

, respectively; the energies are

scaled by kBT. L is the length of the polymer, and ϵ is the line
tension along the polymers. If this criterion does not hold for
some k < kc, 2π/kc becomes the size of the bundle or clustered
structure. Thus, when kc = 0, the polyelectrolyte system
undergoes macroscopic phase separation.
Figure 3b shows a phase diagram of the rmfp-1 model
system. Regions I, II, and III represent the states of the
polyelectrolyte in the liquid-like, ﬁnite complex formation, and
inﬁnite complex phases, respectively. The inﬁnite complex can
be interpreted as coacervation phase. The ﬁnite complex of
rmfp-1 to the coacervate phase is triggered by the increase in
cation−π bond strength (black dashed line in Figure 3b) or the
decrease in screening length of the electrostatic repulsion (blue
straight line in Figure 3b) (note lines to cross phase
boundaries). Because the cation−π bond strength is ﬁxed in
this system, the only way to trigger the phase separation is to
reduce the screening length of the longer-ranged repulsion.
Without any NaCl, rmfp-1 forms only ﬁnite complexes
probably due to the longer-ranged electrostatic repulsion,
which are indicated as red circles in Figure 3b and visualized in
the cryo-TEM image (inset). When the salt concentration
increaseswhen the longer-ranged repulsion in rmfp-1 is
screened by the saltthis red circle moves downward along the
straight red line to cross the phase boundary between region II
and region III, which implies that the complex increases in size
and eventually transits to the macroscopically phase-separated
region. This phenomenon supports the possibility of macroscopic phase separation of cationic rmfp-1 by the cation−π
attraction with high salt regulation (approximately 500 mM).
The amount of the salt concentration to cross the phase
boundary is very consistent with the experimental value within
our approximation, which supports our claim on the origin of
mussel coacervate. As we mentioned previously, as long as we
use Na+ ion, it does not intervene the shorter-ranged attraction
while its screening capability holds.14
Physical Properties of the Simple Coacervation Phase
Measured by the Surface Forces Apparatus. A surface
forces apparatus (SFA) was used to directly measure the
interactions between two rmfp-1 layers with varying salt
concentrations. The nanomechanical measurements will
provide a better understanding of the driving interaction
mechanism for the formation of the simple coacervate.26 Figure
4a shows the typical force−distance proﬁle between two rmfp-1
surfaces in 100 mM acetic acid (HAc) solution with and
without 600 mM NaCl (pH ∼3.0). The approach and
separation curves do not overlap, primarily because of the
diﬀerences in interactions between the interacting surfaces
during approach and separation (also known as adhesion
hysteresis, which is generally observed in adhesive systems).18,22 The repulsion during approach is attributed to the
electrical double-layer interaction between the positively

Figure 4. Formation of the single polyelectrolyte coacervate
dictated by salt concentration. (a) Typical force−distance proﬁle
during the approach and separation of two rmfp-1 layers in 100
mM sodium acetate buﬀer (pH ∼3.0) without (blue squares) and
with (red circles) 600 mM NaCl. The solid symbols represent the
approach process, and the open symbols represent the separation
process. (b) Adhesive energy changes between rmfp-1 ﬁlms in 100
mM sodium acetate buﬀer (pH ∼3.0) after the addition of cations
(Na+, NH4+) from the SFA measurements at the identical contact
time. (c) Interaction proﬁle demonstrating the adhesive pull-oﬀ
force measured from the capillary adhesion of the rmfp-1
coacervate phase between two mica surfaces. A ∼16 nm layer of
coacervate ﬁlm was conﬁned between the two mica surfaces during
the approach. Capillary-bridging-induced adhesion Fad/R = 4.3
mN/m was measured at a separation speed of ∼5 nm/s, which
corresponds to the coacervate/water interfacial energy γeff ∼ 0.34
mJ/m2. Solid black circles, approach; solid red square, separation.
The y-axis on the left shows the measured force, F/R (force
normalized by the radius of the surface), and the y-axis on the right
shows the corresponding adhesion energy per unit area (W)
between two ﬂat surfaces, which is deﬁned as W = F/1.5πR. The
interfacial energy (γ) of the water/coacervate phase interface is
deﬁned as γ = Fad/4πR cos θ.
E
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Figure 5. (a) Friction force (f) vs normal load (F) of rmfp-1 bulky complex coacervate, shear velocity = 0.25 μm/s. (b) Friction coeﬃcient (μ)
vs shearing velocity (V) of the rmfp-1 self-coacervate with applied normal load of 3.6 mN. (c) Viscosity (η) of the conﬁned complex
coacervate vs shear rate (γ̇) measured under a normal load of ∼21 mN (pressure ∼1.3 MPa).

the interfacial energy measurement of the self-coacervate phase
trapped between two mica surfaces using the SFA. The
corresponding coacervate/water interfacial energy γeff was in
the range of 0.2 to 0.8 mJ/m2 depending on the separation
speed (2−10 nm/s), which is close to the previously reported
values for complex coacervates based on similarly charged or
oppositely charged polyelectrolytes.4,27 Bicontinuous nanostructure of rmfp-1 coacervate phase by cryo-TEM (Figure
1c) is likely linked to the low interfacial energy as we observed
in previous studies.11
Previous studies on the conventional coacervate of mfp-1 and
hyaluronic acid (HA) show that the mfp-1-based coacervate can
mitigate the frictional damage and interface deformation
between the softer collagenous core (Ei ∼ 0.4 GPa) and the
harder cuticle (Ei ∼ 2 GPa) with a low friction coeﬃcient
(Figure S3).23 Therefore, the friction forces and viscosity of the
self-coacervate phase were also measured using an SFA (Figure
5).4,28 A piezoelectric bimorph slider in the SFA was applied for
achieving lateral shearing motion of the conﬁned coacervate.
Initially, the load dependence of the shear or friction force was
measured. Compared to previously reported results on complex
coacervates based on negatively charged HA and positively
charged mussel adhesive proteins4,27 (with a friction coeﬃcient
of ∼0.3), the simple coacervates studied here, which are formed
by only mfp-1, show a friction coeﬃcient that is at least 10-fold
lower: μ ∼ 0.002 in the low-load regime (<3 mN; pressure P <
0.5 MPa) and μ ∼ 0.03 in the low-load regime (<21 mN;
pressure P < 1.3 MPa, Figure 5a). No surface damage occurs
during the shear measurements from the optical fringes, and the
friction coeﬃcient measurement was repeatable. Figure 5b
shows that the friction coeﬃcient was found to increase from
<0.01 to ∼0.06 with increasing the shearing velocity from 0.005
to 2.5 μm/s. Accordingly, the eﬀective viscosity of the
coacervate phase in Figure 5c decreases quickly from ∼680
to <10 Pa·s with increasing the shear rate γ̇ from <1 to >100
s−1; that is, the conﬁned coacervate phase shows shear-thinning
behavior. The low friction coeﬃcient and the shear-thinning
behavior of the simple coacervate of rmfp-1 can contribute to
mitigation of the frictional damage and interfacial deformation
where the hard cuticle meets the soft collagen core in byssus
(Figure S3).23
Proposed Model of the Self-Coacervation in the
Assembly of Mussel Byssus. In the byssal thread of mussel
(byssus), the adhesive aid of the mussel adhesive, the ﬁbrous
collagen core is coated by the protective coating with mfp-1
protein. A recent histological investigation reported the
coalescence and coating of the protein droplets on the collagen

charged rmfp-1 surfaces and the steric interaction between the
opposing polymer chains, which are extended to the aqueous
solution. The repulsion range decreases with the addition of
600 mM NaCl because of the screening of the electrical doublelayer interaction. The enhancement of cohesion due to the
addition of NaCl further supports that the enhanced tyrosine
bands in the Raman spectra is due to the enhanced cation−π
interaction between tyrosine and lysine in the presence of NaCl
(Figure 2b). The conﬁned thickness of the rmfp-1 layers
between mica surfaces is ∼7 nm, which is equivalent to ∼3.5
nm per layer of protein. A strong attraction of Fad/R ∼ −15.5
mN/m (Wad ∼ 3.3 mJ/m2) is detected during the separation of
the rmfp-1 surfaces in 100 mM HAc without any NaCl.
Strikingly, the measured adhesion Fad/R increases to approximately −23.4 mN/m (∼5.0 mJ/m2) with the addition of 600
mM NaCl in 100 mM HAc. The cohesion between rmfp-1
values with the high concentration of NaCl was ∼1.5 times that
of the cohesion without NaCl. This SFA result supports the
results from microscopies, Raman spectroscopy, and computer
simulation (Figures 1−3).
The salt eﬀect was further investigated by introducing
diﬀerent concentrations of NH4+ into 100 mM HAc for
comparison with Na+ (Figure 4b). Although their contribution
to the electrostatic interaction remains identical, the strength of
the cation−π interaction depends on the ion species and
generally follows the order NH3R+, NH4+ > Na+.21 Thus, NH4+
can replace some of the lysines in the cation−π interaction.
Indeed, unlike the NaCl results, we observed that the adhesive
energy decreased from 3.3 mJ/m2 at 100 mM acetic acid to 1.8
mJ/m2 at 600 mM NH4Cl. These results also strongly support
the hypothesis that the cation−π interaction between lysine and
the phenol group in rmfp-1 is the main driving force for the
simple bulky coacervation. As a consequence, simple
coacervation was observed at a higher concentration of NH4+
(∼900 mM) compared to that of Na+ (∼500 mM). In our
theoretical analysis, the partial replacement of the cation−π
interaction corresponds to the decrease in attraction. Hence,
the red circle now follows the trajectory of the blue dashed line
in Figure 3b and crosses the phase boundary at lower screening
length (or higher salt concentration).
A key mechanical characteristic of the coacervate is its low
interfacial energy, which facilitates the coating of the coacervate
onto diﬀerent substrates. Similar to the complex coacervation
system of mussel coating proteins, the cryo-TEM image of the
self-coacervate phase of rmfp-1 shows a bicontinuous ﬂuidic
phase (Figure 1e), which leads to the low interfacial energy of
the coacervate with respect to water.4,11 Figures 4c and S2 show
F
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application potentials in lubricants, wear protection for artiﬁcial
cartilage systems,29,31,32 and antifouling coatings.33

core in the middle of rapid self-assembly of mussel byssus
formation.34 The self-coacervation of the rmfp-1 in this study
supports that the liquid droplet observed in the histological
investigation could be a self-coacervation of actual native mfp-1.
The low friction coeﬃcient and the shear-thinning behavior
(Figure 5) of the simple coacervate of rmfp-1 can facilitate the
spreading and migration of the coacervates during the thread
formation process (viz., the cuticle proteins can readily spread
over the thread core surface, forming the surface coating),34
which can also contribute to mitigation of the frictional damage
and interfacial deformation where the hard cuticle meets the
soft collagen core in byssus.23
In the middle of the byssus formation, the byssus assembly
experience stiﬀ pH elevation from pH ∼2.0 to pH ∼8.2. To
understand the pH eﬀect on the self-coacervated mfp-1,
changes in physical properties (e.g., turbidity, volume fraction)
of the rmfp-1 coacervate were observed. The turbidity of the
self-coacervate increased with increasing the pH to 8.2 (Table
1), and the volume fraction of the coacervate was decreased.

CONCLUSIONS
Our results demonstrate that a single (positively charged)
recombinant mussel foot protein (rmfp-1) can induce
coacervation via the cation−π interaction (nonelectrostatic
attraction) in the absence of negatively charged proteins. In a
previous work,18 we investigated the possibility of macroscopic
ﬂuid−ﬂuid phase separation of rmfp-1 using synthetic
polyelectrolytes with trimethylammonium via a strong
cation−π bond. However, rmfp-1 alone did not show obvious
self-coacervation, and the idea of macroscopic phase separation
of rmfp-1 via non-electric shorter-range attraction was overlooked. In this work, we discovered that sea-level salt
concentration is a key factor in this self-coacervation that
regulates the eﬀective interaction of rmfp-1. Unlike the
conventional dense liquid phases of oppositely charged
proteins, which slowly diminish at high salt concentration
due to the reduced long-range electrostatic attraction, the
coacervation of the mussel adhesive system can be enhanced by
the addition of NaCl (up to the concentration in seawater) by
suppressing long-range electrostatic repulsion, which strengthens the eﬀective attraction between the mussel proteins. Our
results suggest that the simple coacervation via cation−π bond
is also expected for actual mussel foot proteins with essential
post-translational modiﬁcation including DOPA, which, nevertheless, should be further conﬁrmed.
Also, our results oﬀer an innovative insight to understand
self-assembly processes and biological phenomena that are
mediated by attractive forces of non-electrostatic origin in
water. In addition, the modulating cation−π interaction in
water can be a key approach to develop wet adhesives and
underwater coating. The coacervation phenomenon based on a
single-component polyelectrolyte is of great signiﬁcance and
has important implications for designing multifunctional
materials based on nonprotein polyelectrolytes. Indeed, we
note that this ﬁnding reﬂects an essential mechanism of
coacervation in marine mussels and closely relates to the dense
liquid phases of single proteins that are frequently found in cell
biology.19,20 Therefore, this result can provide a candidate
mechanism to understand such phase behaviors in cell biology.

Table 1. Eﬀect of pH on Turbidity of the Rmfp-1 SelfCoacervatea
pH
self-coacervate in 0.1 M acetate buﬀer
(pH ∼3.0)
self-coacervate in 0.1 M sodium acetate
buﬀer (pH ∼8.0)

turbidity (au)

volume fraction
(v/v %)

3.46 ± 0.02

70

4.53 ± 0.30

54.55

a
Rmfp-1 was self-coacervated in 0.1 M acetate buﬀer (pH ∼3.0) with
0.6 M NaCl and a total rmfp-1 concentration (Cp) of 30% (w/v).

These changes suggest that the condensation and ﬁxation of the
coacervate phase can occur upon the elevation of solution pH
due to exposure to seawater. Because rmfp-1 used in this study
does not have any DOPA residue, the solidiﬁcation of the selfcoacervation did not take place under pH 8.0. However, it is
expected that the solidiﬁcation of native mfp-1 with DOPA
(∼10 to 15 mol %) could be triggered and accelerated by the
pH elevation due to the condensation of the coated coacervate
phase on the collagen core according to previous studies.5,35
Nevertheless, the simple coacervation via cation−π bond is also
expected and should be conﬁrmed for native mussel foot
proteins with essential post-translational modiﬁcation including
DOPA in follow-up studies.
Notably, the viscoelastic properties (e.g., unusually low
friction coeﬃcient, μ ∼ 0.002−0.03) of the coacervate phase
formed by the single-component polyelectrolyte are markedly
diﬀerent from those of other conventional coacervates based on
the electrostatic attraction of oppositely charged polyelectrolytes4,27 or the coacervate formed by two like-charged
components reported in our previous paper (friction
coeﬃcient, μ ∼ 0.1−0.4 with a load less than 2 MPa and a
sliding velocity of 0.01−10 μm/s). The measured low friction
force may have been dominated by certain dissipation
pathways, such as a disentanglement of polymer chains,29,30
and the electrostatic repulsion between the positively charged
coacervate phase, as conﬁrmed by the conﬁnement eﬀects of
the coacervate phase. In addition, a large number of hydration
ions can be trapped in the dense polymer networks, which can
facilitate the low-friction behavior.31,32 In addition, the shearthinning viscosity, low friction coeﬃcient (<0.03), and the low
interfacial energy (<1 mJ/m2) give these coacervates promising

EXPERIMENTAL SECTION
Materials. Rmfp-1 was composed of 12 or 22 tandemly repeated
decapeptides (AKPSYPPTYK), of mfp-1 was produced using the
Escherichia coli system and puriﬁed as previously reported.22 The
masses of the puriﬁed rmfp-1 (∼13.6 and 24.9 kDa) were determined
by matrix-assisted laser desorption ionization time-of-ﬂight mass
spectrometry (Applied Biosystems 4700, USA) with α-cyano-4hydroxycinnamic acid as a matrix. The purity of rmfp-1 (∼95%) was
conﬁrmed using amino acid analysis and SDS-PAGE. All salts were
purchased from Sigma-Aldrich.
Preparation of Mixed Coacervates. By varying the concentrations of rmfp-1 and NaCl in 0.1 M sodium acetate at pH 3.0, the
coacervation of rmfp-1 was monitored using an optical microscope
(Figure 1d). Bulk phase separation (Figure 1c) was achieved by
waiting for 1 day after mixing rmfp-1 and NaCl. The coacervate
volume fraction (coacervate phase/total volume of liquid) was
calculated by measuring the volume of the dense coacervate phase
(Figure S1) and the total volume after the bulk phase separation.
Cryogenic Transmission Electron Microscopy. The coacervate
sample for cryo-TEM analysis was prepared by mixing rmfp-1 and 600
mM NaCl in 0.1 M acetic acid. Then, 2 μL of the dense phase of the
simple coacervate was transferred to a B-type aluminum planchette
G
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Details of the Simulations. We calculated the bond energy of the
cation and phenol in the aqueous environment via DFT simulation
using Gaussian09. Approximately 1440 diﬀerent conﬁgurations of
cation and phenol were prepared as the initial conditions depending
on the solid angles and distances (2−6 Å) between them. The total
energy of the two interacting systems was calculated after optimizing
these conﬁgurations. Then, their interaction energy was obtained by
subtracting the energy of the single-molecule systems from the total
energy of two interacting systems. The reference energies of the singlemolecular systems were obtained from separated simulations. All
calculations were performed using the DFT method with the 631+G** basis set, M06-2X hybrid functional, and SMD implicit water
model.

(Technotrade International), cryo-ﬁxed in a Leica EM HPM100 highpressure freezer, and stored under liquid nitrogen until freeze
substitution. After 5 days of freeze substitution at −80 °C in
anhydrous acetone containing 2% OsO4, the samples were slowly
warmed to room temperature over 2 days (24 h from −80 to −20 °C,
20 h from −20 to 4 °C, and 4 h from 4 to 20 °C). After the anhydrous
acetone was rinsed out at room temperature, the samples were
embedded in Epon 812 resin. After dehydration, inﬁltration,
polymerization, and sectioning using a Leica EM UC7 (Germany),
the sample was observed with TEM (JEM-1011, JEOL, Tokyo, Japan).
UV Resonance Raman Spectroscopy. Raman spectra were
acquired using a LabRam HR Evolution Raman spectrometer (Jobin
Yvon/HORIBA) with radiation from an air-cooled He−Cd laser (325
nm, KIMMON). Raman scattering was detected with thermoelectrically cooled CCD device (Syncerity/HORIBA). The exposure time
was 10 s, and the number of accumulations was 10 in this study. The
average Raman spectra (n = 3) obtained in each condition are shown
in Figure 2b. The spectra were subjected to the following pretreatment
steps: baseline correction using a polynomial function and normalization to the intensity of the CH stretching peak (2946 cm−1).
Force and Interfacial Energy Measurements by the SFA. The
cohesion forces between two opposing rmfp-1 layers and the
interfacial energy of the coacervate of rmfp-1 were determined using
an SFA (SurForce LLC) in a reported conﬁguration.4,27 Brieﬂy, thin
silver-backed mica sheets (∼5 μm thick) were glued onto cylindrical
silica disks (radius R = 2 cm). The mica surfaces were cleaned using an
UV-ozone treatment before placing the sample.
For the cohesive force measurements between two rmfp-1-coated
mica surfaces, two bare mica surfaces were separately drop-coated with
rmfp-1 in 0.1 M acetic acid for 20 min. The adsorption of rmfp-1 to
mica was mainly driven by the electrostatic attraction between
positively charged rmfp-1 molecules at pH 3.0 and negatively charged
mica surfaces. The two surfaces were washed ﬁve times with a 0.1 M
acetic acid solution and mounted into the SFA chamber for the
measurement in cross-cylinder geometry. The standard buﬀer
condition for these studies was deﬁned as pH 3.0 and 0.1 M sodium
acetate. The eﬀect of the salt concentrations on the interaction of
rmfp-1 was investigated by injecting sodium chloride or ammonium
chloride. This interaction locally corresponds to that of spherical
object approaching a ﬂat surface based on the Derjaguin
approximation when the separation distance is much smaller than
the local radius of curvature.26 The interaction forces and separation
distance between the surfaces were determined in situ and in real time
using multiple-beam interferometry. The measured adhesion force Fad
was correlated to the adhesion energy per unit area Wad by Fad =
1.5πRWad for soft, deformable materials.26
To measure the friction coeﬃcient, dynamic viscosity, and
interfacial energy of the coacervate ﬂuid, previously reported
procedures were applied.4 Brieﬂy, 100 μL of the coacervate ﬂuid was
injected between two mica surfaces and equilibrated for at least 1 h. A
top-view microscope was used to observe and ensure the settlement of
the coacervate on the mica. The bottom surface was supported by a
double cantilever spring, which was connected to a piezoelectric
bimorph slider. The shear movement of the bottom surface was
accomplished with a bimorph slider, and the friction forces were
measured using a “friction device”. The friction force f was converted
to viscosity η of the coacervate between the surfaces using eqs 2 and 3:

f ≈ (16π /5)RηV ln(2R /D)
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