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Underwater contact adhesion and
microarchitecture in polyelectrolyte complexes
actuated by solvent exchange
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Polyelectrolyte complexation is critical to the formation and
properties of many biological and polymeric materials, and is
typically initiated by aqueous mixing' followed by fluid-fluid
phase separation, such as coacervation?>. Yet little to nothing
is known about how coacervates evolve into intricate solid
microarchitectures. Inspired by the chemical features of the
cement proteins of the sandcastle worm, here we report
a versatile and strong wet-contact microporous adhesive
resulting from polyelectrolyte complexation triggered by
solvent exchange. After premixing a catechol-functionalized
weak polyanion with a polycation in dimethyl sulphoxide
(DMSO), the solution was applied underwater to various
substrates whereupon electrostatic complexation, phase in-
version, and rapid setting were simultaneously actuated
by water-DMSO solvent exchange. Spatial and temporal
coordination of complexation, inversion and setting fos-
tered rapid (~25s) and robust underwater contact adhesion
(W,4 > 2Jm™2) of complexed catecholic polyelectrolytes to
all tested surfaces including plastics, glasses, metals and
biological materials.

The wet adhesion of mussels and sandcastle worms involves
an exquisite blend of catechol chemistry, polyelectrolyte complexes
and supramolecular architecture®’. Catechol chemistry®® and
polyelectrolyte complexes”™ have been imaginatively translated into
synthetic adhesives'®''; however, the supramolecular architecture,
particularly the micro- and nanoporosity, of mussel and worm
holdfasts'*'* remains largely unexplored. A recent report that the
adhesive fracture energy of individual mussel plaques is >1,000
times greater than the adhesion energy of the stickiest protein'
suggests that effective translation of mussel and sandcastle worm
adhesion would benefit from an integrative strategy combining
catechols, polyelectrolytes and architectures, for example, into a
single platform, but is this technically possible?

Early studies by Bungenberg de Jong'® demonstrated that
structured fluids could be prepared from aqueous polyelectrolyte
mixtures known as complex coacervates, which, with their
combined properties of high density, high diffusivity and low
interfacial tension'’, seem well suited for adhesion'®. Ternary
mixtures of gelatin-gum Arabic-nuclein, for example, self-organize
into dense droplets that are further sub-compartmentalized into
cells. Although such mixing strategies are easy to implement,
droplet coalescence is slow and prone to much variation with
respect to polymers and solution conditions. Triggered bulk setting

of coacervates is unavailable and polymeric adhesives that are
fully implemented underwater (without pre-immersive dry curing
or applied compressing pressure) remain challenging. Thus,
new strategies to develop polyelectrolyte complexation beyond
waterborne mixing are needed.

Compared with water, most organic solvents possess lower
dielectric constants (¢) and thereby tend to suppress ionization in
weak polyelectrolytes®. This feature offers opportunities in that
certain weak polyelectrolytes can be tuned between neutral and
charged by changing the medium from an organic (low ¢) to
water (high ¢)-based solvent. Building on this, we have explored
the ‘solvent exchange’ concept for engineering complexation and
microarchitecture in polyelectrolytes. To this end, organic solubility
of constituent water-soluble polyelectrolytes was enhanced by
pairing the cationic polyelectrolyte with an amphipathic bulk
anion”. From here, the solvent exchange concept readily lends
itself to a range of materials chemistries. By translating key
chemical features of sandcastle worm cement proteins into starting
polyelectrolytes, the new method renders rapid and robust wet
adhesion on a broad range of solid substrates, in stark contrast to
synthetic adhesives that are normally undermined by moisture®.

The sandcastle worm builds concrete structures underwater
by selecting particles of suitable dimensions and composition
from its surroundings and gluing these together with a protein
mortar from its ‘building organ’ (Fig. la). The mortar has
been compared to a complex coacervate—a phase-separated
fluid composed of oppositely charged polypeptides: polyanionic
peptides rich in O-phosphoserine and cationic peptides with high
lysine and arginine’. On deposition onto particle surfaces, the
coacervate undergoes a three-stage maturation into a porous solid
that is characterized by a phase inversion of coacervate fluid,
insolubilization of protein metal ion complexes, followed by a
slower covalent cure based on crosslinks formed by oxidized
3,4-dihydroxy-L-phenylalanine (L-DOPA), finally assuming the
shape of the tubular walls’®. We designed two polyelectrolytes
satisfying both ‘solvent exchange’ requirements and wet chemistry
of sandcastle worm mortar (Fig. 1b). The first is a poly(acrylic acid)
functionalized with catechols (30 mol%, PAAcat, Supplementary
Figs 1-4), and the second a quaternized chitosan that is ion-paired
with bis(trifluoromethane-sulphonyl)imide (Tf,;N™) (QCS-TN,
Supplementary Fig. 5). Unlike unmodified chitosan, QCS-Tf,N
is soluble in dimethyl sulphoxide (DMSO) owing to favourable
interactions between bulk Tf,N and DMSO (ref. 21).
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Figure 1| Materials inspiration and underwater adhesion. a, Sandcastle worms (Phragmatopoma californica) inhabit tubes made of cemented sand grains.
The building organ is highlighted (blue dashed outline) and enlarged to show that the mixing of separately produced polyanionic and polycationic proteins
is required for cement adhesion and microarchitecture. b, Wet adhesion mediated by solvent exchange: from left to right: QCS-Tf,N and PAAcat were
dissolved in DMSO and the mixture was extruded onto a glass slide immersed in water. After setting 25 s in water (20 °C, no applied pressure), adhesion to
substrate withstood water blasting (2 bar, 15s). Note: sketches are red owing to the addition of trace Rhodamine 6G into the polymer blend solution. ¢, The
polymer blend adheres to a mussel shell; more substrates are shown in Supplementary Information (Supplementary Figs 10 and 11). d, Polymer blend with
embedded cotton thread cast onto a glass slide in water. After 1h, adhesion can support the weight of slides in air (60% relative humidity).

QCS-Tf,N and PAAcat were dissolved in DMSO together with
a dye for visibility, and the mixture was extruded from a syringe
onto an underwater glass slide over which it readily spread (see
Methods). Cartoons sketched onto underwater surfaces (Fig. 1b
and Supplementary Movie 1) set after as little as 255, and achieved
sufficient adhesion to glass surfaces to withstand water blasting
(2bar, 15s); the adhesive set for longer time (1h) in water
resisted a stronger water jet (30 bar, Supplementary Fig. 6). The
adhesive withstood 1h in boiling water and reimmersion in DMSO
(Supplementary Fig. 7) with remarkably versatile adhesion to solid
surfaces including polymers, metals and glasses (Supplementary
Fig. 8), as well as natural surfaces, for example, mussel shell, stone,
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leaf and wood (Fig. 1c and Supplementary Fig. 9). The casting of
QCS-Tf,N/PAAcat solutions with embedded cotton tethers onto
submerged glass slides withstood a 20 g load (Fig. 1d). The solvent
exchange process also enables the bonding of two glass slides in
water without applied compressive forces (Supplementary Fig. 10).
These properties suggest that blended polyelectrolyte solutions have
potential as underwater glues, coatings or paints.

The wet adhesion mechanism was investigated using glass slides
as test surfaces. Owing to the lower dielectric constant of DMSO
(e=47.2, T=20°C), most acrylic acid groups (COOH) on PAAcat
remain unionized in DMSO (Fig. 2a, t,=0 min). Thus, PAAcat and
QCS-T£;N coexist uncomplexed in DMSO (Supplementary Fig. 11).
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Figure 2 | Mechanism and materials characterization. a, An illustration of solvent exchange between water and DMSO and ensuing electrostatic
complexation (scheme at top) as a function of setting time in water (ts). b, FTIR of a QCS/PAAcat complex adhesive formed by solvent exchange
compared with a physical blend without solvent exchange dried at 80 °C. ¢,d, Surface morphology of the QCS/PAAcat adhesive (ts =1h) examined by
environmental scanning electron microscopy (c), and atomic force microscopy (d) in situ in water; scale bars in ¢,d are 200 nm.

Given DMSO’s miscibility in water, solvent exchange took place
when the polymer blend solution was extruded into water (Fig. 2a,
t;> 0 min). By diffusing into the polymer solution, water induced
deprotonation of PAAcat, converting it from a neutral state into a
negatively charged one (Fig. 2a, top scheme). The deprotonation
step initiated electrostatic attraction between negative PAAcat and
positive QCS-Tf,N, and formation of a fluidic complex coacervate
intermediate phase (Supplementary Fig. 12 and Supplementary
Movie 2). Characteristic Tf,N anion peaks (1,050 cm™', 1,190 cm™")
of the adhesive (f,=60min) disappeared (Fig. 2b), which agrees
with the EDS result that negligible Tf,N remained in the same
adhesive (Supplementary Table 1). Given that counter-ion release is
quantitatively associated with complexation?, both analyses indicate
that electrostatic complexation between QCS and PAAcat occurs
during the water-DMSO solvent exchange.

Solvent exchange processing offers advantages well suited
to wet adhesion. First, precise spatial positioning of deposition
was demarcated by spontaneous setting along the top surface of
the polymer solution that progressed normally into the solution
owing to the top-down diffusion of water (Supplementary
Fig. 13). The solid peripheral boundary effectively confined
the underlying polymers preventing dispersion during solvent
exchange. This top-down processing also allowed for time-
dependent interfacial interactions such as catechol chemisorption,
electrostatic/hydrophobic  forces, and/or hydrogen bonding
depending on surfaces types (Supplementary Fig. 14). For
glass surfaces, hydrogen bonding between glass (silanol
groups) and hydroxyl groups from PAAcat and QCS is likely
to dominate interfacial interactions. Surface forces apparatus (SFA)
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measurements show that adsorption thicknesses of the QCS-Tf,N
and PAAcat applied separately (t,=1h) to glass after water blasting
were ~3 and ~40 nm, respectively. This suggests that PAAcat has
a stronger interaction with glass, further supported by the poor
adhesion of QCS/PAA without catechol (Supplementary Fig. 15).
The importance of catechol groups for wet adhesion was further
verified by the poor wet adhesion when catechol groups were made
unavailable for interfacial interaction by chelation with Fe’* ions
(Supplementary Fig. 16). Moreover, solvent exchange complexation
facilitated efficient and spontaneous setting, which has been
challenging to engineer into many synthetic complex coacervates''.
An immediate set based on electrostatic complexation produced
rapid wet adhesion, whereas oxidative crosslinking between
catechol groups required ~24 h without periodate (Supplementary
Fig. 17). In control experiments, coatings deposited from only
QCS-Tf,N or PAAcat solutions showed negligible wet adhesion
(Supplementary Fig. 15). This confirms the importance of network
complexation between QCS-Tf,N and PA Acat for cohesion.

The solvent exchange offers new strategies for engineering higher
order coating architectures, such as porous solids (Fig. 2 and
Supplementary Fig. 18) reminiscent of the sandcastle worm cement
(Fig. 1a) and mussel plaques®. Porosity correlates with catechol
density in PAAcat, that is, the wet adhesive became incrementally
more trabecular with increasing catechol functionalization of
PAA (Supplementary Figs 19 and 20), but greater porosity also
significantly improved wet adhesion (Supplementary Fig. 21). The
latter trend is not unexpected given previous investigations of
increased fracture energy in biological cellular structures (for
example, cork, bones, coral)®*. Although much is known about
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Figure 3 | Effect of setting time in water on solvent exchange and adhesion. a, Solvent exchange (water-DMSO) kinetics measured by confocal
fluorescent microscopy; note: a fluorescent dye molecule ‘DIL' (DMSO-soluble and water-insoluble), shown in green, was added to the polymer solution
before immersion in water. The intensity of DIL at a specific focal plane was monitored with setting time. Blue colour indicates background (no
fluorescence signal). b, Effect of setting time on the adhesion force measured by SFA. Error bars are the standard deviation of at least five independent
experiments. ¢, Effect of setting time on resistance to water blasting (10 bar, 15 s); the diameter of the dashed black circle is 1cm.

fabricating porous solids from phase separation and emulsion
inversion of polymers®, these are not endowed with wet adhesion
and have not been duplicated using polyelectrolytes.

The effect of water-mediated setting was investigated
by fluorescence microscopy and SFA  (Supplementary
Methods). The fluorescence intensity of an added reporter
dye ‘DIL  (1,1'-dioctadecyl-3,3,3'3'-tetramethyl  indocarbo-
cyanineperchlorate; DMSO-soluble and water-insoluble) increased
with increasing setting time (Fig. 3a), and plateaued after ~5 min.
This is due to the increasing concentration of dye molecules in the
pathlength (1.626 um) because the volume of the enclosed polymer
solution underwent >90% shrinkage during solvent exchange
(Supplementary Fig. 22). Furthermore, water-DMSO solvent
exchange kinetics correlate with the adhesion strength of the
polymer to glass (Fig. 3b). After a critical setting time (¢, ~ 1.5 min),
the adhesion force increased sharply up to F,y ~ 200mN at
t, = 10 min, eventually reaching an asymptote of equivalent
adhesion energy of W,q~2]m™2, using Johnson-Kendal-Roberts
theory (W, =F,q/1.57R; ref. 26), where R is the radius of curvature
of the lower spherical disc. Control experiments showed that
QCS-TE,N, PAAcat, PAA and QCS-Tf,N+PAA solutions exhibited
little to no adhesion even after ¢, > 1 h in water, suggesting a synergy
between electrostatic complexation and catechol chemistry with
consequences for the wet adhesion (Supplementary Fig. 23). Water
blasting experiments (Fig. 3¢) support the SFA results; that is, longer
setting times (¢, =10 min) withstood stronger blasting. Curiously,
the coating, once set, was erasable by abrasion with nitrile rubber
(worn as a glove) under comparable pressures (Supplementary
Fig. 24). The fully set coating surface is highly hydrated, making it
difficult to remove by hydrophilic shearing (water blasting) owing
to ‘hydration lubrication’ generated by the fluidity of hydration
layers on the polymer surface?”?*. However, a nitrile rubber surface
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is relatively hydrophobic (or less hydrophilic) and can remove the
hydrated water layer on polymer coatings by imposing a higher
friction force, f, at the polymer-rubber interface.

To confirm and quantify our hypothesis that hydration layers
enhance adhesion by reducing friction, we performed underwater
friction experiments in SFA (Fig. 4), where we sheared the coating
against a highly hydrophilic substrate (mica). Three distinct (load-
dependent) lubrication regimes were observed as characterized
by differences in the friction coefficients, 4 = df /dL. When the
load, L, was smaller than ~17 mN (regime I), polymer coatings
remained intact, undamaged by shear, and dominated by hydration
lubrication, which gave a low p =0.16. When the load exceeded
~17mN, the polymer coating started to peel off, leaving behind
polymer debris (regime II). This regime was dominated by the
‘rolling friction’ of debris, which increased j to 0.72. The increased
friction associated with the change from non-rolling ‘sliding friction’
to ‘rolling friction’ during the mechanical disintegration of polymer
is likely to be due to dissipative effects of ‘soft’ as opposed to ‘hard’
materials, and the small size of the particles: the rolling friction force
depends on and increases directly with the load, the viscoelastic
properties, and inversely with particle size*®*’. When the load was
further increased (up to ~200mN, regime III), polymer debris
was pushed out of the contact area, leaving glass in contact with
damaged mica at u = 0.24, and identical to the sliding of glass
on mica without the polymer coating (red curve in Fig. 4). Using
epoxy glue as the other surface (which is relatively hydrophobic
compared with mica and mimics abrasion with rubber), the polymer
coating was peeled off at a minute load (L < 10 mN) and manifested
only two regimes (regimes II and III, Supplementary Fig. 25).
The easier peel-off from the more hydrophobic surface further
evidences the importance of hydration layers in resisting erosion
by water.
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Figure 4 | Underwater friction experiments of mica versus adhesive-coated glass performed using an SFA. a, Load versus friction force curves for mica
versus polymer (black circles and lines) and mica versus glass (red circles and lines). Error bars are the standard deviation of at least five measured friction
forces. b, Magnified plot of a. ¢, Schematics of friction in the SFA during and following shear.

In summary, the use of ‘solvent exchange’ for engineering
polyelectrolyte complexation was shown to offer beneficial
properties as a vehicle for wet adhesion and cohesion. Although
suppressed in DMSO, electrostatic complexation of dissolved
polycations and polyanions is triggered by solvent exchange
between water and DMSO, actuating a progression of synergistic
changes including coacervation, catechol-mediated interactions,
coacervate phase inversion, porosity, solidification and finally
wet adhesion. Spatial and temporal progression of the triggered
complexation facilitates compelling wet adhesion performances,
and exceptional compatibility with diverse material chemistries.
For example, by combining the process with bio-inspired catechol
chemistry, solvent exchange enabled a rapid and robust wet
adhesion on all tested solid surfaces. The wet adhesion energy was
dependent on the solvent exchange time, and developed in parallel
with the setting time and pore microstructure. The combination
of wet adhesion and porous structures makes the universal
wet adhesive applicable to fluidics and micro/nano structures
(Supplementary Fig. 26), for example, coatings for high-flow
regimes with the option of abrasion-dependent removability.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

The catechol-functionalized poly(acrylic acid) (PAAcat) was synthesized and
characterized according to our previous method® (Supplementary Figs 1-4).
Quaternized chitosan with bulk Tf,N as the counter anion (QCS-Tf,N) was
synthesized by quaternization of chitosan followed by anion exchange
(Supplementary Fig. 5).

For wet adhesion processing, QCS-Tf,N (0.1 g) was dissolved in DMSO (10 ml)
at 50 °C under stirring. Then PAAcat (0.15 g) was dissolved into the solution to
form a homogeneous blend solution. A trace amount of dye (Rhodamine 6G) was
added into the polymer bend solution for better visibility. The polymer blend
solution was extruded from a syringe onto substrates submerged in water to sketch
any desired pattern on them, and allowed to set in water (20 °C, no applied
pressure) for different times. After setting, the adhesive was subjected to water
blasting (2-30 bar) to test the wet adhesion. Wet adhesion control experiments
were conducted in the same way except the different formulation of the starting
polymer solution.

NATURE MATERIALS | www.nature.com/naturematerials

The morphology of the matured adhesive (water setting time 1h) in the dry
state was examined by scanning electron microscopy with energy dispersive
spectroscopy (EDS) for element analysis. Morphology of the same adhesive was
also measured in situ in water by an atomic force microscope (Asylum Research)
using an SNL probe ~0.1 Nm™" (Bruker) at 22 + 3 °C in tapping mode. Attenuated
total reflectance FTIR spectroscopy of the adhesive coating was performed on a
Spectrum Two IR Spectrometer. Fluorescent microscopy for monitoring the solvent
exchange was done on an Olympus Fluoview 1000S laser scanning confocal
microscope (Supplementary Method 3.2). Adhesion and friction force
measurements were performed using Surface Forces Apparatus 2000 (SurForce
LLGC; see Supplementary Method 3.3 for a detailed explanation of the
experimental set-up).
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