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Abstract

Underwater adhesion has been the focus of many recent developments motivated by potential
biomedical applications. Although most literature on underwater adhesives has focused on strong
covalent chemistries, soft materials based on weak molecular interactions have gained interest. Instead
of relying on potentially toxic chemical crosslinking reactions to form covalent bonds, these materials
are often sticky due to their soft, viscoelastic nature, in a similar manner to soft hydrophobic Pressure-
Sensitive Adhesives (PSAs). In this review, we critically discuss the state-of-the-art in the design and
characterization of soft viscoelastic coacervates and gels based on specific weak molecular interactions
for underwater adhesion. From the perspectives of materials science and mechanics, we investigate the
relationships between the composition and structure of these materials and their underwater viscoelastic
and adhesive properties. An originality of our review lies in the analogies and comparisons we draw
with PSAs as well-understood hydrophobic self-adhesive counterparts of the relatively hydrophilic
underwater adhesives discussed here. Considering current literature, a criterion has been proposed to
distinguish hydrophilic and hydrophobic adhesives. The insights from this review are condensed into
detailed guidelines for the design of future soft underwater adhesives. We conclude the review with

important open questions and the perspectives of the field.
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1. Introduction

Soft underwater adhesives with medium- to long-term performance are of great interest in the field
of biomedical devices [1,2]. The idea of using surgical adhesives and sealants as minimally invasive
alternatives to sutures and staples is not intrinsically new [3-5] but important challenges remain, both
from the biomedical and the mechanics perspectives. Previous reviews have detailed the state-of-the-art
on wet and underwater hydrogel adhesives from the perspectives of materials and chemistry [5-9],
biology and bioinspired design [1,2,6,10-13], and biomedical applications [4,14-16]. The present
review focuses on the structure-properties relationships of soft underwater adhesives based on weak
molecular interactions, potentially useful for biomedical applications. It is not intended to be an
exhaustive review of underwater or surgical adhesives, but rather to provide design guidelines by

offering insights into the mechanics of soft adhesives in aqueous media.

It is important to clarify the interest of employing weak molecular interactions to make soft
underwater adhesives when, indeed, strong interactions may be used to make strong adhesives. For this,
let us consider some of the design requirements for biomedical adhesives (we emphasize that this is not
a list of all the requirements): 1) to avoid hazardous chemicals and reactions, 2) to ensure mechanical
compatibility with the substrate tissue in terms of stiffness, and 3) to achieve stable adhesion over a

given period.

(1) The oldest and most common strategy to achieve tissue adhesion has been to use injectable
precursors followed by an in-situ chemical crosslinking reaction [4,7,17]. The reaction may be triggered
by light, the presence of oxygen, or upon mixing reactive components just before application. The main
concern with such adhesives is the toxicity of the reaction and the unreacted components (monomers,
free radicals, etc.). Furthermore, the reaction relies on specific chemistries which may vary from one
tissue to another. Therefore, in the past fifteen years, many materials scientists have also looked at the
insightful work of marine biologists, such as Herbert Waite and Russell Stewart, for inspirations from
organismal adhesion [10-12,18]. Marine organisms such as mussels, barnacles, and sandcastle worms
have evolved to develop resilient underwater adhesives for their harsh environments. Although each of
these animals has its own tricks and strategies for underwater adhesion, they all use a variety of
molecular interactions, including many non-covalent interactions, as reviewed by Kamperman’s group
[2] and shown in Fig. 1 A.

At the onset of this trend, many material scientists hypothesized that catechol chemistry, with its
capacity to form various water-mediated weak and strong interactions with different substrates, was the
ultimate solution to the challenges of underwater adhesion. Many studies were — and still are — focused
on developing catechol-based underwater adhesives, as addressed in several detailed reviews
[1,2,5,13,19,20]. However, catechol chemistry is extremely pH dependent, is prone to oxidation, and

requires highly oxidizing and usually toxic reagents for hardening. Marine organisms have overcome



these issues by taking advantage of controlled microenvironments (e.g. with local pH control, which is
not always feasible in real applications) and a range of other moieties and interactions in the vicinity of
catechol functions [12,21-23]. Therefore, several research groups, including ours, started to develop
soft underwater adhesives based on simpler model systems to understand the role of specific weak

molecular interactions (Fig. 1).
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Fig. 1. (A) Weak molecular interactions useful for soft underwater adhesion. (B) The side-view of a
hydrophobic PSA tape showing extensive fibrillation in debonding (peeling). [24], Copyright 2017.
Adapted with permission from Royal Society of Chemistry. (C) A soft PSA-like physical hydrogel
based on hydrophobic interactions showing extensive fibrillation while debonding in air. The hydrogel
features a similar behavior in water (not shown). [25], Copyright 2020. Adapted with permission from
American Chemical Society Publications. (D) A soft PSA-like physical hydrogel based on electrostatic
interactions showing extensive fibrillation in debonding in 0.1 M NaCl solution. [26], Copyright 2020.

Adapted with permission from American Chemical Society Publications.

(2) Matching the mechanical properties of an adhesive with those of the target tissue is important
because cells recognize and respond to the mechanical properties of their environment/surroundings
[27]. Therefore, soft adhesives for soft and wet, fragile tissues, such as the kidney or the liver, are needed
just as much as strong adhesives, for instance, to glue bones. Soft underwater adhesives may be inspired
from existing pressure-sensitive adhesives (PSAS) that instantly stick to most surfaces without relying
on specific chemistries, a curing reaction or solvent evaporation (Fig. 1 B) [28,29]. However, PSAs are
typically made of hydrophaobic rubbery polymers and fail to stick to wet and immersed surfaces. This is

usually due to poor contact with the substrate. Conversely hydrophilic adhesives may suffer from



excessive swelling of the adhesive and/or hydrolysis [19,30]. Nonetheless, the idea of developing “soft,
PSA-like materials with controlled water content” has stimulated important developments in the field

of underwater adhesion, as we will see in this review.

(3) The soft underwater adhesive must perform its primary function, that is, adhering to a substrate
under wet or immersed conditions for a given period. In practical applications, this can be desirable to
prevent or seal a leak, to close and protect a wound, or to hold a medical device in place. Depending on
the application and the site where the adhesive is applied, it will experience different stress and strain
levels, which must be considered in the design. But first, one needs to address how to quantify and
understand the performance of an adhesive in aqueous media. It is also critical to have a clear notion of
what is usually meant by soft, by viscoelastic and by sticky. We also believe that it is important to

propose a distinction between soft adhesives depending on their level of hydrophilicity.

As reviewed in detail by Creton and Ciccotti [29,31], soft materials include a broad range of
materials, such as generic adhesives, gels, rubbers, and soft tissues, with elastic moduli between 10° to
107 Pa. The majority of the soft underwater adhesives in the present review are characterized by a large
extensibility and low elastic moduli, in the range of 102 to 10° Pa. They are thus similar to or slightly
softer than conventional PSAs. The stickiness of a classical PSA is due to a careful design of its
viscoelastic properties (glass transition temperature and network architecture) in order to easily form an
intimate contact with almost any substrate under a light pressure while requiring a large energy per unit
area to subsequently detach from the same substrate. This large hysteresis in this contact/debonding
process can be achieved with lightly crosslinked high molecular weight polymers with a broad glass
transition temperature centered around 20-30°C below the optimal usage temperature. [28] In parallel,
the combination of large extensibility and some level of elasticity are needed to avoid flow and to favor
detachment without residues [28,29]. In conventional PSAs, strain hardening during fibrillation relies
on the presence of a low degree of chemical crosslinking. Due to their viscoelasticity, the adhesive
properties of hydrophebic PSAs are highly rate and temperature dependent [29,32]. However, this
handicap in industrial applications is much less important in life sciences where the relevant temperature

is usually fixed.

But what macromolecular characteristics are needed to feature such a dual character and thereby
instant stickiness? PSAs are typically hydrophobic, rubbery polymers — meaning they are above their
glass transition temperature (Tg) at room temperature — with a wide molecular weight distribution
(MWD) and a low degree of crosslinking. They may also contain additives such as plasticizers and low
molecular weight (MW) resins to fine tune their viscoelastic and adhesive properties [28]. The mobility
of the polymer chains (Ty below room temperature) enhanced by short chains and small MW
components is essential for the viscous dissipation. On the other hand, a network of physical and

chemical crosslinks prevents the material from macroscopic flow. A sparse crosslinking means that the



material only starts to resist flow at very large deformations. Most PSAs are thus designed and

formulated to be soft viscoelastic solids.

As mentioned above, PSAs are typically hydrophobic. Without going into details at this point, they
are made of polymers that dislike water and tend to avoid or minimize their contact with wet surfaces.
On the other hand, hydrophilic polymers tend to swell and eventually dissolve in water, unless they are
crosslinked. Highly crosslinked gels swell little but become too elastic and thus non-sticky as they lose
their liquid-like character while lightly crosslinked gels are still prone to excessive swelling. What is the

trick then to make PSA-like underwater adhesives out of hydrophilic polymers?

To answer this question, we need to understand how a polymer chain behaves in a certain solvent

depending on its quality. In a so-called good solvent, or in an athermal solvent, the polymer chain

conformation displays a self-avoiding walk as it has favorable or neutral interactions with the solvent.

favorable-interactions-with-the-selvent: As the solvent quality decreases, i.e. as the chains affinity for
the solvent reduces, the chain starts to collapse to minimize its contact with the surrounding solvent
molecules. After reaching a random coil conformation in theta conditions, the single chain collapse in a
globular state in very poor solvent. The polymer solution eventually goes through a phase separation,
with a polymer-rich phase in equilibrium with a solvent-rich phase [33]. This is the case, for instance,
for mildly hydrophobic polymers in water. The polymer-rich phase is generally referred to as a
coacervate. The advantage of a coacervate is that it is concentrated in polymer, sometimes up to 80 wt%,
with a degree of swelling mainly controlled by the monomer composition rather than by the degree of
crosslinking. The formation of such a concentrated phase will be responsible for dramatic modifications
of flow properties since the viscosity of a polymer solution is highly dependent on the polymer

concentration [33].

As we will see in this review, different weak intra- and inter-molecular interactions may trigger the
phase separation process, possibly in conjunction with an environmental stimulus, such as temperature
or salt concentration. Coacervates thus hold great potential for making soft underwater adhesives.
Alternatively, phase separation may occur on a microscopic scale if, for instance, the hydrophobic
polymer is modified with hydrophilic residues. In this case, the dense hydrophobic domains can

contribute to the mechanical properties to make tough or sticky hydrogels [34-36].

Throughout this review, we distinguish conventional hydrophobic PSAs from soft hydrophilic
underwater adhesives based on their equilibrium water contents. We propose that it is reasonable to
distinguish hydrophobic adhesives, with typical water contents much lower than 20 wt%, from
hydrophilic adhesives, which often contain more than 20 wt% water. This notion of the water content
of an adhesive should not be confused with the “level of hydrophobicity of specific interactions” on

molecular level. As an example, a hydrophilic underwater adhesive physically crosslinked with



hydrophobic interactions may contain more than 90 wt% water, which we will refer to as “a hydrophilic
adhesive based on hydrophobic interactions”. We will also see hydrophobic underwater adhesives based
on hydrophobic interactions. As we will see, the water content is a crucial parameter in the mechanical
and adhesive properties of hydrophilic systems. Therefore, we also propose to distinguish these systems
as water-rich and water-poor hydrophilic adhesives with 20 — 60 wt% and 60 — 95 wt% water,

respectively.

In Section 2, the most common methods of measuring adhesion under wet and immersed conditions
as well as their advantages and limitations and the useful information from each method are reviewed.
This section also presents the design principles of soft hydrophobic adhesives to offer insights for the
design and characterization of soft hydrophilic underwater adhesives. In Section 3, the state-of-the-art
in soft underwater adhesives based on specific weak molecular interactions is critically reviewed.
Indeed, some systems rely on multiple weak interactions. This section will end with an overview of
other types of weak interactions that have shown great promise for underwater adhesion, although we
know of few or no model systems relying on these interactions alone. This review is mainly concerned
with bulk, macroscopic underwater adhesion; however, we have not excluded instances of interfacial
adhesion where the systems studied hold promise for the development of bulk systems. Based on the
current state of the art, Section 4 provides guidelines and suggestions for the design of future soft
hydrophilic underwater adhesives based on weak molecular interactions. We will conclude this review

with a discussion of open questions and some perspectives in Section 5.

2. Measurement of adhesion in the presence of water

The adhesive performance of soft hydrophobic PSAs is typically assessed in terms of long-term
shear strength, peel force upon debonding of a tape, and tackiness upon light contact [37]. These
properties are closely linked to the viscoelastic behavior of these materials [28]. In this context where
testing is done in air, the characterization methods are well-developed and quantitative, as briefly
overviewed in the following [29]. Over the past 10 years, these testing methods have been extended to
underwater adhesion testing targeted at hydrophilic systems. The state-of-the-art in the evaluation of
adhesion in water and the complications associated with it are addressed in this section. We note that
some of the results reviewed in this section report on covalently crosslinked adhesives, but we cover
them briefly for the sake of introducing the method, knowing that these methods can very well be used

to characterize soft adhesives.

As mentioned earlier, a general but very important parameter when making comparisons between
different hydrophilic underwater adhesives is the equilibrium water content. Systems with a large
difference in level of hydrophilicity (water-poor versus water-rich systems) are usually not
guantitatively comparable because water generally acts as a plasticizer. In addition, the conditioning

time and the testing medium must be considered when comparing different systems. Finally, when



comparing different studies, it is important to note where failure occurred upon debonding: at one of the
two interfaces, within the bulk of the glue, or within the bulk of one of the two substrates. Interfacial
failure is usually due to a weak bond. This can be due to improper contact from the beginning (no
wetting), excessive shrinkage or swelling, and or the diffusion of water at the interface. Adhesive bulk
failure, not uncommon with very soft physically cross-linked adhesives, occurs when the bulk of the
adhesive has a weak resistance against shear stresses. On the contrary, when the joint and the adhesive
are mechanically strong, failure may occur in one of the two substrates or at interfaces. This is unlikely

to be the case for most of the adhesives reviewed in this text.

2.1. Shear strength

The shear strength of a pressure-sensitive-adhesive is typically measured in a static and or dynamic
mode. In a static shear test, an adhesive tape with a given contact area on a substrate is exposed to a
constant load and the time to failure is measured. This time is also known as the holding time. Static
shear experiments are relatively easy to perform but are time consuming. A dynamic shear test measures
the force required for failure under a constant shear rate, as schematized in Fig. 2 A [37]. The data is
often reported as the shear strength, defined as the maximum force (F,,,) normalized by the initial
contact area. This experiment is typically performed on a uniaxial tensile tester by holding the substrate
in place and pulling the adhesive tape apart along the plane of adhesion at a given velocity (the shear
rate is the ratio of the velocity by the adhesive thickness). The geometry is similar in both tests, but the
information obtained is different. In any case, when failure occurs cohesively, i.e. within the adhesive
layer, the shear strength is a measure of the cohesive strength of the material. The reader is referred to

the following references for more details about shear tests [37-39].

When the adhesive comes in the form of a bulk viscoelastic sample or a liquid precursor, it is applied
between the overlapping surface of two relatively long, flat, and parallel substrates. The overlap area is
usually determined in agreement with some standard (for instance, ASTM F2255-05 for tissue
adhesives) and must be well controlled. The substrates may be rigid (glass, metal, glassy polymers,
bone) [40-42] or soft and flexible (hydrogels, elastomers, soft tissues) [43-46]. Such adhesives often
require a certain amount of curing and or conditioning time (this is not the case with hydrophobic PSAS).
The environmental parameters such as temperature and relative humidity may be controlled, depending

on the type of adhesive and the application.

The shear geometry, in its dynamic or static form, has been the most commonly used geometry to
test the performance of adhesives under wet and immersed conditions [40—43,46]. In most cases, the
samples are prepared on dry or on wet substrates outside the aqueous medium of the test. The sample is
then conditioned either in the wet state or directly in the aqueous medium of the test. Few works
involving shear measurements have reported a bonding process while fully immersed in water [47]. For

dynamic shear experiments in fully immersed conditions, a chamber mounted on the measuring



apparatus is generally used, as reported by the groups of Stewart, Li, and Dhinojwala [40,42,47] and
schematically shown in Fig. 2 A. Otherwise, the test is commonly performed on wet samples in air
[43,45,46,48]. Static shear tests can be done in aquariums or beakers, simply by hanging a given weight
from the sample, or on tensile testers [47,49,50]. In some cases, the holding time is reported [50,51],
although these tests usually simply provide visual demonstration of the holding capacity in a qualitative
way. In general, comparing the results from tests performed under wet and immersed conditions should
be done with care. This is less of a concern when samples are conditioned in an aqueous medium before

the test and when evaporation is not significant within the time frame of the experiment.

The main advantages of this method are the simplicity of the sample preparation and the
experimental setup as well as the range of substrates which may be used. It is particularly suitable for
testing biological tissues soaked with water, phosphate-buffered saline (PBS), mucus, or blood (see
standard test method ASTM F2255-05). However, a lap shear test does not provide detailed information
about debonding mechanisms, and direct, real-time observation of failure is not always straightforward.
Comparisons with the results of other adhesion experiments may cast further light on the performance

of the adhesive and the failure mechanism(s).
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Fig. 2. Schematic illustration of underwater mechanical experiments relevant to the design and
characterization of soft hydrophilic adhesives and typical data from each test. (A) lap shear test, (B)
peel (left) and T-peel (right) tests, (C) probe tack test, and (D) linear rheology.

2.2. Peel tests

Due to their relevance to real applications, peel tests are among the most common testing methods
for adhesive tapes and patches in air [28,52]. It should be noted that this test is suitable for soft,
viscoelastic adhesives like hydrophobic PSAs. A detailed description of peel tests and how to interpret
them can be found in reviews [29,53].

Briefly, the test involves peeling a thin strip (in the range of tens of micrometers) of a soft adhesive,
typically coated on a backing layer, off a flat substrate. The substrate, usually rigid, may be made of
metal, glass, or a glassy polymer and may be untreated or treated, for instance to impart hydrophilicity
or specific surface interactions. The backing layer is usually chosen to be flexible enough to allow



peeling at a wide range of peel angles. Yet, it should not be stretchable. More solid-like adhesives in the
form of a long strip of given dimensions may be also tested without a backing. In either case, the free
end of the adhesive strip is attached to a force measuring apparatus and debonding is done at a constant
peeling angle and peeling velocity. The most common testing angle is 90° due to its simplicity and

relevance to real applications.

An alternative procedure well-adapted to soft, flexible substrates is the so-called T-peel test. In this
case, the two substrates, stuck to one another by the adhesive in between, are pulled apart at a constant
debonding rate [28,52]. In the ideal case where the adhesion is relatively strong and the substrates
sufficiently flexible, the angle formed at the crack tip is 180°. However, this angle is often difficult to
control. The results of such tests, especially with viscoelastic substrates, are more complicated to
interpret due to the difficulty to separate the energy dissipated by the adhesive from that dissipated by
the substrate [54-56].

Although peel testing on wet substrates including biological tissues is quite common [57-60],
underwater peel experiments (Fig. 2 B) are very rare [61]. This is not surprising first because a typical
peel test is adapted to soft viscoelastic adhesives, while many current underwater adhesives rely on
strong (covalent) interactions and are far more elastic than the average PSA. Second, it seems technically
more challenging (e.g., than a lap shear test) to install a peel setup to run in water. In general, these tests
are simpler to perform on wet substrates, especially hydrogels and biological tissues. Since peel tests
are relevant to real applications such as biomedical adhesives, we expect to see more underwater peel

tests as the field of soft underwater adhesives grows.

In air or water, the main data obtained from a peel test is the average steady-state peeling force

(Favg, Fig. 2 B). Knowing the width of the strip, b, an apparent fracture energy can be calculated from

F“%(l — cos 8). This simplifies to F,,, /b and 2F,,, /b in the case of a 90° peel test and a T peel test,

respectively. This is in fact the work done by that force (force times distance) divided by the area (width
times distance) on which the work was done. This apparent fracture energy is commonly expressed in
force per unit distance, equivalent to energy per unit area, and can be considered an adhesion energy
(under quasistatic steady state peeling). It should be emphasized that the apparent fracture energy is not
necessarily a characteristic of the interface between the soft adhesive and the substrate; it is also highly
dependent on the peel angle and the thickness of the adhesive. For instance, the swelling of non-
equilibrated adhesives in water can change the thickness and the mechanical properties (modulus) of the

layer and thereby the outcome of the test [24,29].

Despite the simplicity to perform these tests, they usually involve the formation of a complex
fibrillated structure with locally variable stress and strain fields at the peel front [24]. This results from
a strong coupling between the local bending of the backing and the viscoelastic properties of the

adhesive. The problem is further complicated in the case of soft and flexible substrates. When the



adhesion is strong enough, a part of the apparent adhesion energy comes from viscoelastic dissipation
in the substrate, which is difficult to decouple from the actual adhesion energy. Although the
viscoelasticity of the substrate is relevant to many real applications such as soft tissue adhesion, it has

not received much attention [54,55].

In developing underwater peel tests, repeatability and reproducibility must be verified to make sure
the data is reliable. In addition to force-displacement data and average peel forces usually reported from
peel experiments, visual observation of the experiment should be feasible. It is important to note whether
the soft adhesive can form stable fibrils in water, as is the case with hydrophobic PSAs in air. It is also
important to observe the failure mode, to answer questions such as where the failure occurs or whether

the adhesive comes off the surface clean.

2.3. Probe tack test

A probe tack test measures the adhesiveness of a highly confined layer of a soft viscoelastic material
between a flat substrate and a flat-ended cylindrical probe [29,62]. Unlike in lap shear and peel tests, in
this method the soft adhesive experiences a well-defined displacement field due to the relatively
negligible bending stiffhess of the machine [29]. For this, the flat plates must be parallel. The substrate
and the probe are rigid and may be made of metal, glass, or glassy polymers. A transparent substrate
offers the advantage of direct observation of the confined layer in debonding, for instance using a tilted
mirror (at 45 °) and a camera as in the setup of Lakrout and Creton [63] or in the custom-built underwater

setup by Sudre and coworkers [64].

In a typical experiment, in air or water, the viscoelastic adhesive is placed on the rigid substrate and
compressed to a certain level of force, Feontact, Dy @ probe of radius r. The displacement is then kept
constant for a given contact time. Importantly, the thickness of the layer, hy, is significantly smaller than
the radius of the probe, r (so r/hy > 1); meaning the layer is highly confined [62,65]. The viscoelastic
adhesive may relax some of the applied compressive load during the time before the onset of the test.
The probe is then pulled off at a constant velocity, V., and the force of debonding F is measured as a
function of time or displacement (h — hy). A nominal strain rate (¢) may be defined as the debonding
velocity normalized by the initial thickness of the layer (V. /ho) [29]. An underwater probe tack test

is schematized in Fig. 2 C.

In 2012, Sudre and coworkers reported the first custom-built underwater probe tack setup [64]. As
shown in Fig. 3, the setup consists of a temperature-controlled chamber mounted on a tensile tester and
a rigid probe attached to the flat end of a cylindrical punch connected to a load cell. The chamber holds
a glass slide as the substrate and can be filled with various aqueous media (water, PBS, etc.). The
advantage of this setup is that it allows a good control of the alignment between the rigid plates confining
the adhesive layer and a direct lateral and axial observation of the debonding process. So far, it has been

used in measuring the underwater adhesion between polymer brushes or thin films grafted on the rigid



probe and macroscopic hydrogels [66,67]. More recently, it was also used in measuring the underwater
adhesion of soft, hydrophilic sticky materials to various rigid probes [68]. Other underwater probe tack

setups have since been developed by other groups as well [69-71].
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Fig. 3. (A) The top view of the chamber, showing an underwater adhesive between a flat punch (the
probe connected to the load cell) and a glass slide. The testing geometry is immersed in an aqueous
medium. (B) The lateral view of the same experiment. (C) Schematic representation of the different
elements of the underwater adhesion testing setup developed at the SIMM lab at ESPCI Paris. [26],
Copyright 2020. Reproduced with permission from American Chemical Society Publications.

Derks and coworkers were the first to use a rheometer equipped with a normal force transducer to
perform probe tack tests on confined layers of hydrophobic viscoelastic adhesives [72]. Vahdati and
coworkers adapted a rheometer to perform probe tack tests on thermoresponsive sticky hydrogels in air
and in water [25,36]. The rheometer used is equipped with a sufficiently sensitive axial load cell and a
Peltier heating plate offering rapid and precise control of temperature. The thermoresponsive water-rich
adhesive is injected between the two plates and heated above its gelation temperature. For underwater
adhesion measurements, a relatively large amount of preheated water is added into a cup around the
measuring geometry, triggering in-situ gelation. When the initial sample is a liquid, the compression
step prior to pull-off is not performed but the rest of the test is carried out similarly. Using rheometers
as probe tack instruments is not limited to thermoresponsive hydrogels and any soft hydrophilic adhesive

may be tested as long as the capacity and the sensitivity of the load cell allow such measurements [72].

The force-displacement data obtained is usually expressed in terms of nominal stress, defined as the

debonding force normalized by the initial contact area (o = F/mr?), versus nominal strain, defined as



the displacement normalized by the initial thickness (ey = h/hy — 1). Different adhesives may be
guantitatively compared based on the maximum force, the maximum strain, as well as the adhesion

energy. The latter, defined as the energy required to create unit surface area of the adhesive, is readily
calculated as W, 45, = hy fo‘gm“" oy .dey (inJ.m?), It is worth noting that typical hydrophobic PSAs have

adhesion energies on the order of 10-1000 J.m? in air and 1-10 J.m? in water and on wet
surfaces.[63,71,73,74] As we shall see in this review, current soft hydrophilic underwater adhesives

based on weak physical interactions have adhesion energies in the range of 0.1-100 J.m™.

The shape of the stress-strain curve contains a wealth of information about the deformation of the
layer and the type of failure (cohesive versus adhesive), as shown in Fig. 2 C. For example, the first
drop following the peak stress (g,,4+, Fig. 2C) may be due to the occurrence of peripheral fingering
instabilities (elastic or viscous), bulk cavitation, or a combination of both [62,63,65]. In the case of soft
viscoelastic liquids, fingering instabilities (also known as Saffman-Taylor instabilities [75]) appear due
to the intrusion of a low viscosity medium (air or water) into the highly confined layer of the
incompressible adhesive as it is pulled toward the center of the probe in pull-off [72,76]. In the case of
solids, the fingering is also due to incompressibility but is more similar to a buckling instability and it
is fully reversible [77,78]. Bulk cavitation in incompressible soft elastic solids occurs when the
hydrostatic component of the tensile load exceeds atmospheric pressure [36,62]. When the adhesive is
too soft or liquid-like, fingering instabilities become predominant causing the stress to drop before it
can build up sufficiently for cavitation. Most probably, soft viscoelastic adhesives experience both

phenomena, with fingers in the periphery and cavities in the center [36,79,80].

As presented in the schematic stress-strain curve in Fig. 2 C, different material behaviors may be
distinguished based on the shape of the curve after the peak of nominal stress (g,,,4,)- This peak may be
followed by an abrupt drop (to zero) or the appearance of a stress plateau (opqtequ, Fig- 2 C) [63,81,82].
The abrupt drop of force is usually observed when the bulk of the adhesive is stronger than the interface,
leading to the propagation of a crack at or close to the interface (early adhesive failure). In contrast,
when the interface is stronger than the bulk, the fingers and cavities grow into fibrils allowing very large
deformations. With liquid-like viscoelastic adhesives the fibrils become thinner in their central section
and fail cohesively [74]. In this case, the stress continues to drop after the peak but at a slower rate
(compared to the case of interfacial crack propagation). However, with solid-like viscoelastic adhesives,
the fibrils formed are stable and go through strain hardening. This strain hardening is seen as a second
peak in nominal stress and causes tremendous energy dissipation. The failure is usually expected to be
adhesive, occurring when the stored energy in the fibrils overcomes the adhesion energy [62,82,83]. In
all of these descriptions, it is important to note the temperature and the rate at which the experiments are

performed, given the viscoelastic nature of the adhesives addressed in this review.



One limitation of the probe test is that it is not necessarily representative of real applications, for
instance biomedical applications. A peel test, in comparison, is a lot more representative of how a
bandage is removed in practice. Another limitation is that the probes typically used are rigid, unlike, for
instance, soft biological tissues. One may attempt to perform tests by using biological tissues as
substrates. However, complications may arise in the interpretation from non-parallel substrates as well
as from possible deformation and viscoelastic dissipation in the substrates. One alternative may be using
thin layers of highly cross-linked and thus elastic hydrogels in place of the substrates when this is
feasible. The hydrogels must be flat and parallel and at their equilibrium degree of swelling in the testing
medium. Despite these limitations, a probe tack test provides the most detailed information about the
performance of soft underwater adhesives, their mechanisms of adhesion and the failure modes. It is
therefore the most informative test for the design of soft (underwater) adhesives.

2.4. Underwater rheology

Designing soft adhesives such as PSAs requires fine-tuning of their viscoelastic properties such that
they can form intimate contact with various substrates without relying on specific chemistries at the
interface (what we call generic adhesion or in this case stickiness) while resisting a certain amount of
stress in debonding. PSAs are in particular distinguished from other types of adhesives (structural, hot
melt, etc.) by intrinsic viscoelastic dissipation mechanisms during debonding [28]. These features have
made rheology an indispensable characterization tool in developing soft adhesives. The following
overview of linear viscoelasticity is well-established for hydrophobic systems, and we will explain how
the general principles and methods can be extended to underwater adhesives. At present, nonlinear

rheology is used to a smaller extent (a few examples are given in Section 3).

Linear viscoelastic properties of soft adhesives are quantified via small amplitude oscillatory shear
experiments over a range of frequencies to obtain information about the dynamic behavior of the
material at different time scales. Small amplitudes ensure remaining in the linear regime, with no
irreversible change in the internal organization of the material. To test soft solid-like samples and liquid-
like samples, which is the case for most adhesives addressed in this review, a cone-plate geometry with
a constant (truncation) gap is used. Using a cone ensures applying a homogenous and constant shear
rate to the entire surface of the sample. Stiffer, solid-like samples are tested on a plate-plate geometry
with sandblasted or roughened plates to avoid interfacial slippage. The experiment can be done at
different gap heights in this case. However, a gradient in shear rate is applied to the sample in this
geometry, with the outer edge and the center of the sample experiencing the highest shear rate and zero

shear rate, respectively [84,85].

The main information from linear viscoelastic measurements are the dynamic moduli, namely, the
storage modulus (G”) and the loss modulus (G”) (see Fig. 2 D). G’ is a measure of the elasticity of the

material, while G” is a measure of its dissipative character. In simple rheological terms, a viscoelastic



solid is characterized by G’ (w) > G" (w) when ® — 0 while a viscoelastic liquid is characterized by

G" (w) > G' (w) when ® — 0 (with o the angular frequency). Whether a solid material is soft or stiff

is determined by the magnitude of the so-called complex modulus, |G*(w)| = /G’ (@)% + G"(w) 2.

Liquid-like materials may be compared on the basis of their complex viscosity, n*(w) = G*(w)/w. At
the transition between the liquid and solid regimes, also referred to as the gel point, the viscous response
(G™) and the elastic response (G") of the material have the same frequency dependence. The tangent of
the phase lag between the elastic response and the viscous response of the material, tan(8), also known
as the loss factor, is the ratio of its loss modulus to its storage modulus, G"(w)/G'(w). It is therefore

independent of frequency at the gel point [85,86].

All the above information may be easily obtained in an agueous medium, using a chamber or a cup
around the measuring geometry (schematized in Fig. 2 D), as done by Hamad and coworkers [87] and
Vahdati and coworkers [26]. A low-viscosity medium like water or most aqueous media should not
interfere with the measurement (i.e., it does not alter the measured torque), although this might have to
be verified. Most importantly, one must check whether the adhesive is stable over time in water or
whether it is prone to swelling or shrinkage [26,36,88]. This verification can be done via time sweeps.
Section 3 contains examples of rheological measurements in aqueous media (water, salt solutions, PBS,

etc.).

One of the best-known and simplest criteria in the design of soft hydrophobic PSAs is the so-called
Dahlquist criterion [89]. Dahlquist noticed that in order for the adhesive to be capable of making good
contact with substrates and to form adhesive fibrils upon debonding, its storage modulus must not exceed
0.1 MPa at the frequency corresponding to the contact time (at 1 rad.s* for a contact time of 1 s, for
instance) [82]. In water, interfacial forces are weaker and more variable; we thus expect the Dahlquist’s
criterion to be at a lower modulus. In other words, to be sticky, hydrophilic underwater PSAs must

generally be softer than their hydrophobic counterparts.

Winter and Mours highlighted another rheological criterion for stickiness: “polymers at the gel point
are extremely powerful adhesives” [86]. This offers an opportunity to make PSA-like underwater
adhesives. The relaxation modulus, G(t), of a critical gel takes on a power-law form of G(t) =
Go(t/T9)~°, where 1, is a material-specific characteristic time [90]. The front factor G, is a measure of
the stiffness of the critical gel in its unrelaxed state. The exponent s varies in the range of 0 to 1 for
stronger to softer critical gels, respectively [90]. This power-law relaxation means that the material’s
elastic and viscous responses become frequency invariant at this point, rendering several linear
viscoelastic material functions such as G’/G*, G"/G™, and tan(&) independent of frequency [85,91]. In
fact, soft materials are stickiest in the vicinity of this point, that is, with 0.3 < tan(§) < 3. Commercial
hydrophobic PSAs are always on the elastic side of the gel point, with G’ slightly higher than ¢” and
tan(§) within 0.3 — 0.5. Higher values of tan(&) lead to increasingly tacky, liquid-like adhesives. This



means that the material can easily wet different substrates (relatively higher G”) but at the expense of
losing its resistance against creep (relatively lower G’). At tan(6) > 3, the material is basically a tacky
liquid prone to creep and therefore not an adhesive in practical terms. This criterion should remain valid

in the presence of water.

The ratio tan(8) /G’ (equal to G"/G'?) is another useful parameter obtained from linear rheology to
complement adhesion measurements [82,92]. In particular, it is used along with probe tack experiments
(see Section 2.3). For a given substrate, there is a critical value of tan(&) /G’ above which crack blunting
is favored over crack propagation, allowing bulk deformation to occur preferentially relative to
interfacial debonding. At very high values of tan(&) /G’ the adhesive becomes too liquid-like and fibrils
form easily but are not load-bearing. To ensure bulk deformation of the layer, a good starting point for
the value of tan(6) /G’ based on the Dahlquist criterion and that of proximity to the gel point is 0.5 X
10~>Pa~1 for adhesion on polar surfaces. For adhesion in air on low energy hydrophobic surfaces such
as polyolefins or polytetrafluoroethylene (PTFE), soft hydrophobic adhesives typically require relatively
higher values of tan(&8) /G’ to fibrillate. Likewise, given that interfacial forces between two hydrophilic
surfaces in water are weaker, adhering to a given substrate in water should require relatively higher
tan(68) /G’ values relative to that of a PSA in air.

3. Soft underwater adhesives

A summary of the most important data on the underwater and wet performance of soft hydrophilic
adhesives based on weak molecular interactions is presented in Table 1. In the following review of these
works, the main questions that we seek to answer are: (1) From the perspective of materials science,
what is the design rationale behind each system? (2) What is the water content of the system? Is this the
equilibrium water content or would it change in an aqueous medium? (3) What are the structure
properties relationships that result from this design? (4) What is the relationship, if any, between the
linear rheology and the adhesive properties? (5) What is the significance of each work for the current
state of the art? As can be seen in Table 1, not all these questions are answered in each of the studies
reviewed here. Nonetheless, we have tried to comment on these important aspects, even if they were not
reported in the original work. We must emphasize again that comparing the performance of different
hydrophilic adhesives can be misleading without noting the water content and the experimental

conditions.

Table 1. Summary of the most important data on underwater and or wet performance of soft
hydrophilic adhesives based on weak molecular interactions. The reported values from each work

correspond to the system/composition with the strongest mechanical properties.

interactions  water  shear strengh tack strength W, ®

c de
ref A (Wi2%) (kPa) (kPa) (3.m) rate comments




[36] HP 92 NA 49 10.8 0.25s? UW, T switch, 50 °C, 10 min, SS/SS

Wet, interfacial adhesion, contact in

-1
(4] HP NA 340 NA NA Lmm.s water (pH=7.4) under 2 kPa for 1 h, Si/Si
1 Wet, Porcine skin, interfacial adhesion,
(s8] HP NA NA 80 NA Lmm.s under 5 kPa for 120 s
1 UW, interfacial adhesion, contact in
(s8] HP NA NA 3 NA Lmm.s water, under 25 kPa for 120 s, PP/PP
[68] HP 91 0.85(0.1s%) 5 1.9 0.2s? UW, T Switch, 50 °C, 0.75 M NaCl, G/G
[94] HP 77 NA 20 4.6 0.2s? UW, T Switch, 50 °C, 0.7 M NaCl, G/G
[26] ES 56 NA 50 65.2 2st UW, NO switch, 0.1 M NaCl, G/PAA
[26] ES 62 NA 7.5 35 0.2s? UW, S switch, 0.1 M NaCl, 1 h, G/IPAA
1 Wet, NO switch, contact in MiliQ water
[95] ES 26 450 NA NA 2.2 under 24 kPa for 3 h, G/G
1 UW, NO switch, contact in water under
[56] ES NA 29.6 NA NA - 017mms™ 35 pa for 15 min, PEEK/PEEK
1 UW, pH switch, contact in water under
[40] ES 24 36 NA NA 0.17 mm.s 35 kPa for 2 h, SS/SS
1 UW, T + S switch, 50 °C, 0.1 M NaCl, 1
[97] ES + HP 93 NA 25 7.2 0.2s h, GIPAA
[94] ES + HP 77 NA 70 60.6 025t UW, T + S Switch, 37 °C, 0.1 M NaCl, 1
' ' h, GIG
1 Wet, Porcine skin, under 20 N for 1 min,
[%8] HB NA NA 180 NA 0.02 mm.s UW adhesion not reported
1 UW, contact in water under 5 N for 30 s,
[99] HB NA NA 70 NA 0.02 mm.s S5/
1 Wet, porcine skin, UW adhesion not
[100] HB 19 NA 98 NA 0.2 mm.s reported
1 Wet, Porcine skin, UW adhesion not
[101] HB + ES NA 70 NA NA 0.3 mm.s reported
1 UW, contact in water under 30 N for 10s,
[102] HB + HP 25 NA 600 NA 1.7 mm.s PMMA/PMMA
[103] HB + HP NA NA 70 NA 0.08 st UW, immediate pull-off, Al/Al
[103] HB + HP NA NA 155 NA 255t UW, immediate pull-off, Al/G
1 UW, in 0.7 M NaCl, 10 s under pressure
21] CP+HP 88 NA 6 30 0.1 mm.s equivalent to gel's modulus, G
1 UW, in 0.15 M NacCl, delivered UW, 30 s
[104] CP+ES NA 158 NA NA 0.3 mm.s of contact, G/G
[105] ML +HB 34 50 NA NA 3.3 mm.s Wet, after 1 h in water, under 20 kPa for

2 min, G/G

& HP, ES, and HB, CP, and ML denote hydrophobic, electrostatic, and hydrogen bonding, Cation - 7, and metal - ligand
interactions, respectively. ® The work of adhesion from wet or underwater probe tack experiments. ¢ Note that the rate is

either the (nominal) strain rate in s** or the debonding velocity in mm.s™. 9 The following acronyms have been used: UW for
underwater, T switch for temperature switch, S switch for salt switch, SS for stainless steel, Si for silicon, G for glass, PP for

poly(propylene), PAA for poly(acrylic acid), PEEK for poly(ether-ether-ketone), PMMA for poly(methyl methacrylate), Fe



for iron, Al for aluminum surfaces. ® In the references where adhesion to different substrates was tested, the value reported

corresponds to the best performance.

3.1. Based on hydrophobic interactions
3.1.1. Hydrophobic interactions

Hydrophobic interactions play a crucial role in many (biological) processes, such as protein folding
and biological membrane structures. In simple terms, the hydrophobic effect is the low solubility of
hydrophobic solutes in water [106,107]. Hydrophobic interactions are the “solvent-mediated” attraction
between hydrophobic molecules to minimize the exposure of their hydrophobes to water [108]. Most
water-soluble polymers are comprised of hydrophilic (e.g. amide) and hydrophobic (e.g. vinyl
backbone) moieties. The hydrophilic residues provide the main driving force for dissolution in water via
hydrogen bonding, while the hydrophobic residues minimize their contact with the neighboring water
molecules by organizing them into a structured hydration layer. This comes at the expense of entropy

loss.

Most polymers can be distinguished based on their overall solubility in water. Hydrophilic polymers
form extensive H-bonds with water molecules and stay in an extended coil state, while hydrophobic
polymers remain in a collapsed globular state. Certain polymers with an amphiphilic nature — on the
level of a monomer or chain segment — feature a temperature responsive behavior [108-110]. The
transition temperature above which a polymer becomes hydrophobic is called the Lower Critical
Solution Temperature (LCST), corresponding to the minimum on the coexistence curve of the phase
diagram, as schematically shown in Fig. 4 A. The inverse behavior is called UCST for Upper Critical
Solution Temperature [108,111].

LCST polymers such as poly(N-isopropyl acrylamide) (PNIPAM) and poly(oligo(ethylene glycol))
(meth)acrylates) (POEGMA) are of particular interest due to the small dependence of their LCST on the
molecular weight, concentration, or the architecture of the homopolymer [108,112]. PNIPAM shows a
sharp coil-to-globule transition in water just below body temperature (~ 32 °C), where amide-water H-
bonds are disrupted and replaced by water-water and amide-amide H-bonds. This endothermic process
is marked by an enthalpy of 4 — 6 kJ.mol™* of NIPAM [113-115]. The LCST of POEGMA can be tuned
from 26 to 90 °C by varying the number of ethylene glycol units in the side chains from 2 to 9,
respectively.

Heating aqueous solutions of LCST polymers usually leads to macrophase separation and
precipitation. Therefore, these polymers are sometimes crosslinked to make chemical hydrogels, but
they are prone to a volume phase transition, i.e. shrinkage, upon heating [34,116,117]. Otherwise, they
are copolymerized with hydrophilic monomers to form thermoresponsive hydrogels, i.e. viscous

solutions and physical hydrogels below and above the LCST, respectively [110,118]. For this thermally



triggered sol to gel transition, the monomer composition, copolymer topology, and architecture must be

carefully designed [25,119,120].
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Fig. 4. (A) The schematic phase diagram of a LCST polymer as a function of its composition. The red
dot represents the LCST. (B) The macromolecular rationale in the thermal toughening strategy
developed by Guo and coworkers. PNIPAM chains tend to collapse to minimize their contact with
water above the transition temperature. Stretching them out of their collapsed state requires energy.
(C) The synthetic pathway to make a chemical network of PNIPAM grafted with PDMA. (D) The
hydrogel during fracture experiments, (0) the notched sample at rest, (5) the sample post failure,
where the crack propagation pathway is observed. (E) The nanostructure suggested to explain the
crack bifurcation leading to thermal toughening. The blue and the red phases schematize the swollen



hydrophilic phase and the collapsed hydrophobic phase, respectively. [34], Copyright 2016. Adapted
with permission from John Wiley & Sons Inc.

As shown in Fig. 4 B — E, Guo and coworkers [34,121] combined the above strategies by introducing
grafted chemical networks of thermoresponsive PNIPAM and hydrophilic poly(N,N-dimethyl
acrylamide) (PDMA) comonomers. This macromolecular design enabled a microscopic phase
separation while working under isochoric conditions, i.e. without macroscopic volume change, above
the transition temperature. This led to significant thermal toughening (resistance to crack propagation)
in a similar way to what is observed in natural rubber due to strain induced crystallization [122-125];
however, the requirements to make tough hydrogels are not exactly the same as those to make sticky
hydrogels [31,34].

In Section 3.1.2, we will present examples of wet and or underwater sticky hydrogels based on
hydrophobic interactions in the bulk. These hydrogels are generally water-rich (with 50+ wt% water).

Hydrophobic host-guest interactions for interfacial adhesion will be briefly introduced in Section 3.2.2.

3.1.2. Bulk hydrophobic interactions

Over the past decade, a growing body of literature has marked the important role of hydrophobic
interactions in organismal adhesion [23,126,127]. However, these works either reported microscopic
adhesion experiments or combinations of hydrophobic and strong interactions, and therefore fall outside
the scope of the present review. Fig. 5 gives a schematic overview of the systems using only hydrophobic

interactions showing promise for underwater adhesion, as reviewed in the following.



Fig. 5. Examples of hydrophobic interactions to achieve wet and underwater adhesion. (A-1) The
continuous hydrophobic nanostructure proposed for PNIPAM-g-PDMA physical hydrogels above the
LCST of PNIPAM. The red zones are hydrophobic associations of long PNIPAM backbones (A-2) The
nanostructure proposed for the physical hydrogel with the inverse topology, PDMA-g-PNIPAM. The
red zones are hydrophobic associations of short PNIPAM side chains. [25], Copyright 2020. Adapted

with permission from American Chemical Society Publications. (B) Physical hydrogels made of a

network of LCST POEGMA copolymers connected to cellulose nanocrystals (in green) through
acylhydrazone bonds. [128], 2021. Adapted with permission from American Chemical Society
Publications. (C-1) macroscopic self-assembly (adhesion) of hydrogels through interfacial host-guest
interactions between the host (in red) and the guest (in blue) hydrogels, (C-2) Adhesion of host and the
guest surfaces (C-3) Adhesion of a host hydrogel onto a rigid guest surface (C-4) A bulk adhesive

hydrogel based on host-guest interactions.

Vahdati and coworkers developed a soft and injectable water-rich underwater adhesive based on a
thermoresponsive graft copolymer showing a reversible sol to gel transition under isochoric conditions
above the overlap concentration (c*), as shown in Fig. 6 A — B [36]. The copolymer, PNIPAM-g-PDMA,
consisted of high MW (440 kg.mol*) PNIPAM backbones bearing relatively short (14 kg.mol™') PDMA
side chains at 50 — 50 wt%. Above 34 °C, the formation of a percolating (bicontinuous) network of
strong hydrophobic PNIPAM domains across a swollen PDMA matrix led to a macroscopic hydrogel
(see Fig. 6 C). At higher temperatures, the hydrophobic domains became increasingly concentrated and
thus stronger with the disruption of additional hydrogen bonds with water molecules. This manifested

itself in the increase of the storage modulus, G’, reaching a pseudo-plateau of 1.3 kPa around 50 °C, with



atan(d) as low as 0.1 (at 92 wt% water content). The hydrogel is stable at observable times scales, but

the loss modulus is still frequency dependent, implying that the material retains some dissipative nature.

nominal stress (KPa)

nominal stress (kPa)

(wrr) **¥m

80

60

40

20

El
12 |\ & -
\ —25
) — 0.5
1 — 0.25
0.05 E
— 0.025 ;
2 4 6 8 10 12
A oo 2345570' 234567; s i ser 0
4 6 8 10 12 ——
nominal strain rate (s
strain G
12, T (°C) & . ® 4
' —i50 ° 2
— 45
— 40 i e
9 — 375 X
— 35
3 —32 2
% 5 0 15 20 25 2
4
.
20 25 30 35 40 45 50

strain

temperature (°C)

wr) *m

N

Fig. 6. (A) The injectable solution of PNIPAM-g-PDMA (8 wt% in water) in a tilted vial and during a
probe tack test. (B) The PNIPAM-g-PDMA hydrogel (at 92 wt% water content) in an inversed vial and
during a probe tack test on a rheometer. Extensive fibrillation is visible in this case as opposed to the
test at 32 °C. (C) The proposed nanostructure for PNIPAM-g-PDMA physical hydrogel. The red phase

represents the continuous hydrophobic domains made up of PNIPAM backbones within the swollen

PDMA phase in blue. (D) Nominal stress-strain curves from probe tack experiments on 8 wt%

PNIPAM-g-PDMA at 50 °C at different nominal strain rates (in s™). The inset is a magnification of the

plateau region. (E) The corresponding adhesion energies obtained at different nominal strain rates.

(F) Nominal stress-strain curves from probe tack experiments on 8 wt% PNIPAM-g-PDMA at

different temperatures at 2.5 s™. The inset is a magnification of the plateau region. (G) The
corresponding adhesion energies as a function of the test temperature. [36], 2020. Reproduced with

permission from John Wiley & Sons Inc.



Like a soft hydrophobic PSA in air, the water-rich PNIPAM-g-PDMA hydrogel (92 wt% water)
showed a rate and temperature dependent adhesion energy in probe tack experiments. Well above the
LCST, the hydrogel featured a marked increase in both stiffness and viscous dissipation with strain rate
(Fig. 6 D — E). At strain rates below 0.2 s, the hydrogel detached adhesively from the probe without
extensive deformation and strain hardening, whereas above 0.2 s?, it went through substantial
fibrillation up to large deformations (> 900 %) before cohesive failure occurred. The fibrillation was
associated with peripheral fingering instabilities and cavitation in the center of the probe. Meanwhile,
the strain hardening, observed in both pull-off and constant shear rate (stress growth) experiments, was
due to the very slow dynamics of PNIPAM in the hydrophobic domains and the tendency of this

nanostructure to minimize its contact with water (Fig. 6 C).

Interestingly, these PSA-like features were observed as soon as the transition temperature was
crossed, i.e. at 35 °C (Fig. 6 F — G). The shape of the stress — strain curves and the extent of strain
hardening were similar at higher temperatures; however, the stress levels and the maximum deformation
increased and decreased, respectively, as the hydrogel became more cohesive at higher temperatures.
This suggested that a load-bearing hydrophobic nanoscaffold (Fig. 6 C) forms immediately above the
LCST and becomes stronger (more hydrophobic) with temperature. At body temperature, for example,
the hydrogel featured extensive fibrillation and strain hardening up to very large strains (1700 %) with
an adhesion energy of 21.8 J.m™ (at 2.5 s*) [36].

It is worth noting the essential role of copolymer topology and concentration in the nonlinear
mechanical properties [25]. With the same monomer composition and architecture and at the same
polymer concentration/water content, the inverse topology (PDMA backbones bearing PNIPAM grafts,
PDMA-g-PNIPAM), had comparable mechanical properties in small deformations as resolved by linear
rheology. However, it did not feature any strain hardening, neither in probe tack tests nor in stress growth
experiments. This was associated with the formation of isolated hydrophobic domains (see Fig. 5 A-2)
as opposed to a percolating hydrophobic nanoscaffold (see Fig. 5 A-1). As a result, the adhesion energy
was notably lower at the same G’. Moreover, at very high polymer concentrations (> 10 wt%), the
solution is too viscous at low temperature compromising the injectability while the gel is too stiff at high

T compromising the adhesive properties.

Underwater rheology and probe tack tests were used to study the underwater performance of 8 wt%
PNIPAM-g-PDMA, as presented in Fig. 7. Upon in-situ immersion in hot water (50 °C), the hydrogel
was formed almost instantaneously, and the dynamic moduli reached a stable plateau after 5 minutes.
No swelling or shrinkage was observed in water. In underwater probe tack tests on stainless steel

substrates, the hydrogel maintained its generic PSA-like behavior regardless of the applied strain rate,



although the stress levels and the extent of strain hardening were somewhat lower compared to the tests
in air. Yet, the adhesion energy (even after 15 h of immersion) was only 30% lower than that in air. This
is significant next to conventional hydrophobic PSAs, which lose up to 95% of their adhesion energy
on wet substrates [36,129]. It was concluded that the hydrophobic nanoscaffold was insensitive to the

presence of water, highlighting the potential of hydrophobic interactions to make water-rich bulk
underwater adhesives.
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Fig. 7. (A) Time sweep experiment on 8 wt% PNIPAM-g-PDMA. Preheated water (50 °C) was added
around the geometry after 5 minutes. The dynamic moduli reach a stable plateau by 10 min from
immersion, where they remain for longer immersion times (16 h shown here). (B) The comparison of
the probe tack curves in air and water both at 50 °C and at 2.5 s™. The experiment in air was
performed 10 min after immersion. The left inset magnifies the plateau region. The right inset presents
the corresponding adhesion energies. [36], 2020. Adapted with permission from John Wiley & Sons
Inc.

Nasseri and Tam [128] reported thermoresponsive sticky hydrogels based on POEGMA copolymers
attached to dialdehyde cellulose nanocrystals via acylhydrazone dynamic covalent bonds, as shown in
Fig. 8 A (also see Fig. 5 B). The POEGMA copolymers were prepared at different ratios of comonomers
with 2 and 4-5 PEG groups on the side chain, allowing the LCST to be tuned between 40 and 58 °C. At
a 50:50 molar ratio between the two comonomers and using a high enough concentration of dialdehyde
cellulose nanocrystals, the material was a soft gel (G’ = 0.01 kPa) at room temperature with a LCST at

45 °C. Above this temperature, a gradual stiffening was observed with G’ and G” reaching 1 and 0.1 kPa,
respectively, by 70 °C [130].

The authors studied the adhesive properties of these hydrogels in probe tack experiments on stainless
steel substrates in air (Fig. 8 B — C) [128]. The hydrogels showed the highest adhesion energy ( between
1.6 and 4.3 J.m2at 0.25 s) and fibrillation to large strains (700 — 800 %) when tested at their respective

LCST temperature. According to the authors, higher temperatures weakened the acylhydrazone bonds



and led to lower adhesion energies. Given that the dynamic moduli of these hydrogels continue to

increase above the LCST temperature [130], it is more likely that the higher degree of elasticity and the

weaker interface must have hindered the formation of fibrils at higher temperatures (tan(§)/G’ too low);

an explanation that is comparable to that of the effect of polymer concentration discussed above [25].
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Fig. 8. (A) The schematic representation of the strategy developed by nasseri and Tam. (B) Typical

nominal stress-strain curves obtained at different temperatures. (C) The corresponding adhesion

energies. [128], 2021. Reproduced with permission from American Chemical Society Publications.

The underwater mechanical properties of these or other POEGMA based hydrogels have not been

reported so far, but they are intuitively expected to be weaker in water than in air, as is the case for most

adhesives. These hydrogels are also expected to be more prone to swelling and dissociation than

PNIPAM based hydrogels. This is due to one of the unique features of PNIPAM which is forming

hydrophobic aggregates with very slow dynamics (or long lifetimes). This is mainly related to the

concentrated domains of PNIPAM being close to their glass transition unlike other LCST polymers like

POEGMA or poly(alkylene oxide) derivatives which have very low T, values, well below room

temperature.



Systems combining such hydrophobic interactions with other weak interactions will be addressed
in the next sections.
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Fig. 9. Schematic illustration of (A) the underwater adhesion strategy based on self-hydrophobization
of PAM hydrogels, and (B) how the self-hydrophobization process leads to underwater adhesion
between the hydrogel and substrate. [93], Copyright 2020. Reproduced with permission from John
Wiley & Sons Inc.

As a last example in this part, Han and coworkers [93] reported nonspecific wet interfacial adhesion
of hydrophobically-modified, dynamic poly(acrylamide) (PAAm) hydrogels. The PAAmM network
contained a small amount (< 20 wt%) of hydrophobic stearyl methacrylate (Cis), which formed a
hydrophobic bilayer on the surface when treated with ferric dodecyl sulfate (FDS) surfactant, as
schematized in Fig. 9. The so-called self-hydrophobization of the hydrogel’s surface was determined
via water contact angle, which reached 115 © after 80 min of immersion in the presence of FDS (from
22 ° before immersion). In a consistent fashion with the water contact angle, the interfacial underwater
probe tack strength of the hydrogel against a poly(propylene) (PP) substrate increased from a completely
non-adhesive state (0 kPa before FDS treatment) to around 35 kPa after 80 min of FDS treatment (under
a preload of 25 kPa, a contact time of 120 s, debonding velocity 1 mm.s™). As expected, the modified

hydrogel showed stronger underwater adhesion to hydrophobic surfaces, as opposed to hydrophilic ones



like glass or metal. Increasing the contact time and the preload increased the adhesion strength. The
hydrogel also featured adhesion to wet porcine skin with a strength of about 30 and 80 kPa after 2
minutes and 1 day of contact (under 5 kPa). The increase in adhesion strength over time was attributed
to the favorable self-adaptability of the dynamic surface of the hydrogel. The advantages of the FDS-
modified hydrogel are that it was tough (4 kJ.m) while sticky, and that it showed negligible swelling
and therefore stable and repeatable wet adhesion (50 cycles studied). However, this hydrogel is not
injectable. We note that the authors did not report the water content of these hydrogels, but they are most

probably water-rich, hydrophilic systems.

3.1.3. Interfacial hydrophobic host-guest interactions

Macrocycle-based host-guest interactions between a host macrocycle and a guest molecule can
involve a variety of different weak molecular interactions such as hydrogen bonding, electrostatic
interactions, and hydrophobic interactions to form host-guest complexes [9,131]. Host-guest interactions
have been widely studied in the context of molecular recognition and supramolecular polymeric
materials for several applications including self-assembled hydrogels, self-healing hydrogels, and
adhesive supramolecular materials [9,50,131,132]. Recently, Ji and coworkers thoroughly reviewed
macrocycle-based host-guest supramolecular adhesives [9]. Here, we highlight a few examples, mainly

based on hydrophobic host-guest interactions, with regards to adhesion in water or on wet surfaces.

Hydrophobic interactions between hydrophobic guest molecules and the hydrophobic cavity of
water-soluble hosts have great potential for achieving wet and underwater adhesion. The main
macrocyclic hosts studied in this context are cyclodextrins (CDs) and cucurbiturils (CBs). CDs show a
moderate binding to guest molecules in water, with association constants in the range of 10! — 10° M,
depending on the size of the hydrophobic cavity and the guest molecule. CBs have generally higher
association constants, between 10° — 10* M, making their complexes more promising candidates for

strong underwater adhesion [49,133].

Interfacial wet adhesion based on host-guest interactions was first reported by Harada’s group
between acrylamide gels bearing either host or guest moieties (Fig. 5 C-1). They showed that host gels
and guest gels formed “macroscopic” assemblies in the presence of a small amount of water. The
strength of these assemblies followed the trend in association constants between different hosts and
guests. For instance, the wet adhesion strength between the 8-CD gel (host) and the adamantane gel
(quest) with K, of 1500 M was 1 kPa, while that of the a-CD gel (host) and the n-butyl gel (guest) with
Ka of 57 Mt was 0.25 kPa. For couples with lower association constants, no adhesion (assembly) was
observed. These assemblies were selective when multiple host and guest gels were present, again in line

with the association constants [134].



Kim’s group [49] reported strong interfacial underwater adhesion between silicone surfaces
modified with cucurbit[7]uril (CB7) and aminomethylferrocene (Fc), in a similar manner to a Velcro,
as shown in Fig. 10 (also schematized in Fig. 5 C-2). The binding strength of this host-guest complex in
water is on the order of 102 M making it very stable. In a lap shear configuration prepared in water by
pressing the host and guest surfaces together, the joint had a wet adhesion strength of 0.34 MPa at 1
mm.s. The hydration step is necessary for the formation of host-guest interactions. When the samples
prepared in water were removed and dried in air for 12 h, the adhesion strength was 1.1 MPa. The
adhesion strength dropped to 0.13 MPa upon the oxidation of Fc into Fc* using NaCIlO solution followed
by drying (12 h). This was expected due to the much lower association constant of the ferrocene cation
with CB7.
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Fig. 10. The Velcro-inspired underwater adhesion mechanism based on the strong host-guest
interactions of cucurbit[7]uril (CB7) and aminomethylferrocene (Fc). (B) Visual examples of
underwater adhesion between surfaces modified with the host and the guest functions. Note that the
unmodified surfaces (shown as PEI-[Si]) do not adhere to each other. [49], Copyright 2013.

Reproduced with permission from John Wiley & Sons Inc.

A similar strategy with glass substrates bearing CD and azobenzene moieties was reported by Roling
and coworkers [132]. Host-guest interactions have also been used to bond hydrogels to hard surfaces
(schematized in Fig. 5 C-3) [135]. A nontrivial limitation of these strategies is that the adhesion is
interfacial; more specifically, between surfaces and or chemical hydrogels bearing very specific host
and guest moieties. This is a practical limit for the use of these interactions in achieving adhesion to
surfaces in real applications. Most surfaces do not bear such functionalities, at least not at relevantly
high concentrations. To address these issues, Liu and Scherman reported a supramolecular acrylamide
hydrogel dynamically crosslinked via interactions of CB8 (cucurbit[8]uril) units hosting two benzyl-

imidazolium guests (schematized in Fig. 5 C-4). The dynamic host-guest interactions contributed to the



bulk cohesion and the toughness of the hydrogel while interfacial adhesion to various substrates was

associated with non-specific, van der Waals interactions [50].

The water-rich (88 wt % water) hydrogel bonded glass slides with a wet shear adhesion strength of
1.1 MPa at 1.67 mm.s™X. The mechanical properties of this hydrogel were very sensitive to the water
content. Upon lowering the water content, the wet adhesion strength gradually increased, reaching 2.3
MPa at a water content of 35 wt%, while water contents lower than 10 wt% led to brittle interfacial
failure. On the other hand, the authors reported a 10-fold drop in the shear strength upon immersion of
the joint in water for 2 h (98.5 wt% water). The hydrogel entirely lost its strong adhesive properties as
it swelled and eventually dissolved in water [50]. This example highlights the significance of the

equilibrium water content for underwater adhesion.

We note that despite their great potential, there are currently no reports of stable bulk underwater
adhesives based on host-guest interactions.

3.2. Based on electrostatic interactions
This section focuses on the design of soft viscoelastic underwater adhesives based on permanently

or non-permanently charged polymers.

3.2.1. Polyelectrolyte complex coacervation

In the broadest sense, the term complex coacervation applies to a liquid-liquid phase separation
driven by weak molecular attractive interactions, such as electrostatic, hydrophobic, or H-bonding
interactions [136-138]. The equilibrium co-existence of two liquid phases is ubiquitous in natural
systems. The most relevant example to this review is the freshly secreted water-rich glue of the
sandcastle worm used to hold together grains of sand debris to serve as the worm’s shelter. The castle
is then fortified against the harsh marine environment as the glue hardens via complementary metal-
coordination and covalent crosslinking. However, the fact remains that it initially relies on complex
coacervation of oppositely charged biopolymers (polyelectrolytes) kept in separate granules until
secretion. The reader may find further details of the biological aspects of the sandcastle worm glue in

several recent reviews [2,18,22].

Coacervation in biological systems is usually quite complicated and can involve several interaction
types [136,139]. For this reason, we will focus on well-defined and simple model systems and in
particular synthetic polyelectrolytes, where the phenomenon is called polyelectrolyte complex
coacervation. Polyelectrolyte complex coacervation is widely believed to occur via an ion exchange
process whereby the entropically favorable release of small counterions, i.e. salt ions, favors macroion
pairing between the oppositely charged monomers of the polyelectrolytes [138,140-142].
Macroscopically, this leads to the formation of a dense, polymer-rich phase in equilibrium with a

polymer-depleted supernatant [136,141].



3.2.2. General properties of polyelectrolyte complex coacervates

With respect to underwater adhesion, we are mainly concerned with the dense phase, which can be
a viscous liquid, a viscoelastic sticky material, or an elastic solid. The most important parameters known
to control the bulk mechanical properties of this phase are the concentration of salt, the type of salt, the
chemical composition of the monomers involved, the MW of the polyelectrolytes, and the charge
balance [85,91,136,143,144]. The impact of these parameters is schematically shown in Fig. 11. In the
following discussion, we will keep referring to the equilibrium water content as a key player in the
mechanical properties, as is the case with other soft materials such as polymer solutions, hydrogels, and
biological tissues. Being at equilibrium water content is especially important in applications where the
material is going to be immersed in an aqueous medium [26,94].
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Fig. 11. Schematic representation of the impact of the main parameters determining the general
properties of complex coacervates. (A) The general effect of hydrophobicity on the phase separation
behavior projected on the salt — polyelectrolytes plane. (B) The type of counterions: kosmotropic or
strongly hydrated counter ions versus chaotropic or weakly hydrated counterions; water molecules

are not shown for simplicity. (C) The type of chargeable monomers: strong and/or hydrophobic versus
weak and/or hydrophilic; the counterions are not shown for simplicity. (D) The molecular weight; the
counterions as well as the charged groups of the polyelectrolytes are not shown for simplicity. (E)

Stoichiometry versus non-stoichiometry; the counterions are not shown for simplicity.

3.2.2.1.  Salt concentration
We must first briefly draw the reader's attention to fundamental differences in the dynamics of
polymer melts/solutions and complex coacervates. The dynamics of unentangled polymer solutions is

mainly controlled by hydrodynamic interactions on the scale of blobs made of self-avoiding walk chains



and is well described by the Rouse model. At larger molecular weights, the occurrence of entanglements
between polymer chains further restricts chain motion. This is qualitatively described by the Reptation
model, which considers the wiggling movement of a flexible polymer chain through a tube of
entanglements. Now, in polyelectrolyte complex coacervates, the dynamic formation of multiple
macroion pairs (called stickers) per chain significantly slows down the chain motion. As we will explain
in the following, the salt-dependent occurrence of these stickers shifts the viscoelastic response of
complex coacervates to longer time scales compared to their neutral/uncharged analogues (without the
stickers). Similar to other systems of associating polymers [33,145,146], the dynamics of unentangled
and entangled complex coacervates can be well described by the Sticky Rouse [84,147] and the Sticky
Reptation models [84,87].

In principle, complex coacervates can be regarded as physical hydrogels/associations with the
macroion pairs between the oppositely charged polyelectrolytes acting as the transient crosslinks. The

dynamic formation of these stickers is an activated process, where the lifetime of a sticker scales with

the exponential of the activation energy, E,; or T « eXp(T;—b;fl), which in turn scales with the square root

of the salt concentration as E, = A — B. Cs'/?

[85,147,148]. A and B are constants for a given system,
and n is the number of macroion pairs per bonding site [26,84,87]. Over longer time scales, the polymer
dynamics is determined by the association lifetime. In the unentangled regime described by the Sticky
Rouse model, the longest relaxation time is Tggoyse ~ T. f 2, With f the number of dominant binding sites
per chain. In the entangled regime described by the Sticky Reptation model, the longest relaxation time
IS Tsrep ~ Tsrouse N/Ne, Where N and N, are the number of Kuhn segments in the chain and between
two entanglements [84,87]. Relevant time scales of different relaxations in complex coacervates as wel
as Sticky Rouse and Sticky Reptation relaxation mechanisms are schematized in Fig. 12. For detailed
descriptions of these models and their application to the dynamics of complex coacervates, the readers
are referred to the seminal papers by Rubinstein and Semenov [145,149] and to the review by

Lutkenhaus [84], respectively.
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representation of relaxation mechanisms for complex coacervates consisting of short and long chains
described by Sticky Rouse and Sticky Reptation models, respectively. [84], Copyright 2020. Adapted

with permission from Royal Society of Chemistry.

Although considering macroion pairing as an activated process is simplistic in many ways, it sets a
good starting point to explain the role of salt concentration on the physical and mechanical properties of
complex coacervates, as presented in Fig. 13. At relatively low salt concentrations, macroion pairing is
favored and the material may be a solid polymer network, usually called a complex. Higher salt
concentrations reduce the activation energy and screen macroion pairing, resulting in more swollen,
softer solids [136]. At a certain salt concentration, the material reaches a critical gel state, marking a
rheological gel to sol transition (the crossover of G’ and G” in Fig. 13 C) [84,91]. In the vicinity of this
point, the material is highly viscoelastic and expected to be sticky. Higher salt concentrations yield a
liquid coacervate with higher water contents and lower polymer volume fractions and therefore lower

viscosities. This makes coacervates potentially useful as injectable underwater adhesives. Highly



swollen coacervates resemble polyelectrolyte solutions with a terminal behavior, where the loss and
storage moduli scale with the first and second power of the angular frequency (G" ~ w and G'~ w?) at
long time scales (small frequencies) [26,84]. In hydrophilic systems, complexation is eventually
suppressed above a so-called Critical Salt Concentration (CSC) where all macroions are doped by small
counterions, producing a salty polyelectrolyte solution [136]. This point corresponds to the highest point

on the binodal curves in the phase diagram in Fig. 11 A.
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Fig. 13. (A) Schematic illustration of the polyelectrolyte complex/coacervate continuum on the
molecular scale. (B) A polyelectrolytes complex, coacervate, and salty solution formed at different
KBr concentrations. The KBr/PEC data points in blue, red, and green correspond to these three
regimes, respectively. (C) The evolution of G’ (blue circles), G” (red diamonds), and viscosity (green
triangles) as a function of KBr concentration. The crossover of the dynamic moduli marks the sol to
gel transition. The dashed line corresponds to the CSC. [136], Copyright 2014. Reproduced with

permission from American Chemical Society Publications.

The effect of salt on the relaxation spectra of complex coacervates is analogous to the effect of
temperature on the dynamics of polymer melts, described by the so-called Time-Temperature
Superposition (TTS). Since salt affects the relaxation times of all modes (ionic bonds) to the same extent,
by T « exp(A —B.C,Y 2), adding (or removing) salt shifts all the relaxation spectra towards higher (or

lower) frequencies [85,147]. This means that the dynamic moduli of complex coacervates prepared at



different salt concentrations can be rescaled onto a master curve using salt-dependent shift factors in a
so-called Time-Salt Superposition (TSS). TSS allows access to a wide range of time scales which are
not typically accessible by experiment. More importantly, it gives a good approximation of the
viscoelastic properties of complex coacervates at intermediate salt concentrations without the need to
prepare the corresponding samples. The readers will find more detailed discussions in the following
reviews [84,85,150].

3.2.2.2. Type of salt

The effect of the type of salt can be explained in the light of the Hofmeister series, with a few
exceptions [151,152]. As schematically shown in Fig. 11 B, less hydrated (chaotropic) counter ions are
more effective in dissociating macroion pairs. This means that at a given salt concentration, a coacervate
prepared with less hydrated counter ions should have a higher water content than one prepared with
strongly hydrated (kosmotropic) counter ions. For instance, for a given pair of polyelectrolytes, sodium
salts (Na*X") become increasingly stronger at breaking macroion pairs as X" is changed from CI- to Br-
to I to SCN [151].

Changing the counter ion thus provides a means of targeting a certain window of mechanical
properties at lower or higher salt concentrations, as shown by Sadman and coworkers [143]. This of
course depends on the final application. For instance, in certain biomedical applications where high salt
concentrations are not tolerated, using NaBr instead of NaCl will allow working at lower salt
concentrations. Nonetheless, an important conclusion from the work of these authors was that the
mechanical properties of a polyelectrolyte complex coacervate are governed by its degree of swelling

and not the salt used to swell it.

3.2.2.3.  Chemical composition of the monomers

As schematized in Fig. 11 C, relatively hydrophobic polyelectrolytes form hard, water-poor solid
precipitates with water contents between 20 — 60 wt% while more hydrophilic polyelectrolytes tend to
form water-rich liquid-like coacervates with water contents between 60-95 wt% [87,143]. In other
words, the hydrophobic/hydrophilic (amphiphilic) nature of the oppositely charged monomers plays a
crucial role in determining the equilibrium water content and thereby the mechanical properties of the
resulting complex coacervates. Sadman and coworkers compared well known Polystyrene Sulfonate
(PSS) / Polydiallyldimethylammonium (PDADMA) complex coacervates with a series of increasingly
hydrophobic polycations, namely methyl-, ethyl-, and propyl-substituted poly(4-vinylpyridine), as
shown in Fig. 14 A. These authors showed that the swelling degree is less sensitive to the presence of

salt (KBr) in water-poor complex coacervates [143].

Another factor here is the affinity of the oppositely charged monomers for one another. As
demonstrated in the series in Fig. 14 B, complex coacervates made of stronger polyelectrolytes generally

tend to pair more strongly (i.e. with higher lifetimes) and have lower water contents. As a result, they



are less sensitive to the presence of counter ions. Likewise, weaker polyelectrolytes form weaker
complex coacervates more liable to doping. A comprehensive example may be found in the work of Fu

and coworkers [153].
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Fig. 14. (A) Complex coacervate pairs of polystyrene sulfonate (PSS) with a series of polycations
of varying hydrophilicity. [143], Copyright 2017. Reproduced with permission from American
Chemical Society Publications. (B) A list of strong to weak polyelectrolyte complex coacervates.

[153], Copyright 2017. Reproduced with permission from American Chemical Society Publications.

3.2.2.4. Molecular weight
Lowering the MW increases the solubility of polyelectrolytes in water (their entropy of mixing with
water is higher). It also lowers the maximum number of stickers per chain in the Sticky Rouse model
(see Section 3.2.2.1.). As a result, the complex coacervates formed are softer and more water-rich (Fig.
11 D). Spruijt and coworkers [141] studied the rheological properties of complex coacervates having
different degrees of polymerization (DP), as depicted in Fig. 15 A. Fig. 15 B presents the corresponding
phase diagrams (also see Fig. 11 A) They showed that for DP less than about 300, the water content of



polyacrylic acid (PAA) / poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) complex
coacervates becomes increasingly sensitive to the MW. At DP close to 10, complex coacervation is
suppressed, even in deionized water, while at DP larger than 300, the water content remains almost
constant at about 65 %. Based on similarities in the water contents and the TSS master curves for
complex coacervates from different polyelectrolyte chemistries with 50 < DP < 150 (Fig. 15 C), Vahdati
and coworkers [26] suggested that the above MW dependent trends should be true for water-rich
complex coacervates. All these complex coacervates were found to be in the semi-dilute, unentangled

regime (with both G’ and G” scaling with w®> at high frequencies).
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Fig. 15. (A) TSS master curves for PAA/PDMAEMA complex coacervates from polyelectrolytes of
different DP indicated (as N) on each graph. [148], Copyright 2013. Adapted with permission from
American Chemical Society Publications. (B) The corresponding phase diagrams for
PAA/PDMAEMA complex coacervates. [141], Copyright 2010. Adapted with permission from
American Chemical Society Publications. (C) TSS master curve for a pair of water-rich



polyelectrolytes with DP around 100. [26], Copyright 2020. Adapted with permission from American
Chemical Society Publications.

Above the entanglement molecular weight, a rubbery plateau appears at high frequencies. As
mentioned earlier, the longest relaxation time is longer by a factor of N/N, compared to the Sticky
Rouse model [145,154]. We note that a certain level of entanglements is essential for the performance
of classic hydrophobic PSAs. To fit the Dahlquist’s criterion, the plateau modulus is often adjusted using
low MW tackifiers to dilute the entanglements (increasing N,,) [28]. This may be achieved by combining

high and low MW polyelectrolytes in the case of coacervate based underwater adhesives.

3.2.2.5. Charge balance
Polyelectrolyte complex coacervates are often prepared at stoichiometric charge ratio to have a one-
to-one balance between the oppositely charged monomers. But how realistic is the one-to-one picture

and what would happen if one polyelectrolyte is in excess?

Spruijt and coworkers [148] reported that the dynamic moduli and the zero-shear viscosity of their
PAA/PDMAEMA coacervates remained unaffected by deviations from stoichiometry. They argued that
excess polyelectrolytes end up in the supernatant phase and that the coacervates have a “preferred”
composition. In contrast, Chen and coworkers [144] found that increased nonstoichiometry in
PSS/IPDADMA complexes had a plasticizing effect, lowering the T4 values and the dynamic moduli.
This was attributed to the enhanced water content associated with the so-called extrinsic sites where the
macroions are not paired. This contradiction may be because these works have investigated either liquid
coacervates or solid complexes, and not the entire viscoelastic spectrum. That said, the role of

nonstoichiometry merits further studies.

In any case, it is now known that some level of nonstoichiometry is inevitable [87,144,148]. This
means that even when the complex coacervates are prepared at stoichiometric ratio, the final complex
coacervate is very likely to be slightly off stoichiometry (this aspect is not shown in Fig. 11 E for
simplicity). This can be due to kinetic trapping, charge density mismatch, backbone flexibility mismatch
(steric hindrance), and or the effective size of the monomer group [87]. Overall, slight (5 — 10 %)
deviations from stoichiometry should not have a large impact on bulk properties while larger deviations

may be useful for tuning the mechanical properties in solid-like systems.

A last comment on the general properties of complex coacervates is that some of the above-
mentioned features, such as the sol-gel transition or the CSC, may not be observed in certain systems.
In general, we expect the two-phase region of the salt vs. polymer phase diagram to shrink with any
factor enhancing the dynamics and contributing to the solubility of the complex coacervate (see the
phase diagram in Fig. 11 A) [26,141]. For instance, polyelectrolytes that are very water soluble, due to

their small molecular weight and or due to the chemical composition of their monomers, may never



produce a solid complex, remaining in a liquid coacervate state at all concentrations of a sufficiently
doping salt. In extreme cases, coacervation may be suppressed all together. On the other hand, very
hydrophobic polyelectrolytes may form solid complexes over a wide range of salt concentration. This
may happen with large molecular weight polyelectrolytes (DP > 1000) or when the affinity between the
macroions is so strong that they are never fully doped with salt (i.e. no CSC is observed with certain
salts). These materials, called saloplastics, are then more interesting for applications such as artificial

tissues and porous membranes rather than underwater adhesion [155,156].

3.2.3. Obtaining sticky complex coacervates
Fig. 16 compares different strategies reported so far to obtain sticky complex coacervates based on
electrostatic interactions. Although the focus of the literature has been mainly on polyelectrolyte-based
complex coacervates, adhesives based on polycations complexed with multivalent anions and based on
short (oligomeric) chains complexed with hyper-charged polyoxometalates have shown great promise

as well. These will be reviewed in the following with a critical focus on the mechanical properties.
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Fig. 16. Different types of complex coacervates based on electrostatic interactions involving (A)
oppositely charged polyelectrolytes, (B) a polyelectrolyte and a multivalent ion, and (C) short peptides

and polyoxometalates.

Inspired by their research on the sandcastle worm’s glue, Russell Stewart’s group was the first to
study complex coacervates as bulk underwater adhesives [11,157]. Given the limitations of obtaining
large enough samples from the animals, they developed polymers with residues resembling the
proteinaceous secretions of the worm, as demonstrated in Fig. 17 A [2,42,158]. Their biomimetic
synthetic complex coacervates, mainly based on modified polyphosphates and polyamines, were

responsive to different environmental stimuli namely salt concentration, pH, the presence of divalent



cations, and temperature [11,42]. Under optimized conditions (pH, divalent cation concentration, etc.),
the thermally triggered complex coacervates featured bond strengths up to 650 kPa at 37 °C in

underwater lap shear tests on aluminum substrates. The water content in these materials was about 60-
70 wt/vol %.

Stewart’s group also reported complex coacervates based on pharmaceutical grade biopolymers,
such as polycationic salmine sulfate and polyanionic sodium inositol hexaphosphate [159]. The complex
coacervates prepared at 1.2 M NaCl were successfully applied as endovascular embolics upon a so-
called salt switch, as depicted in Fig. 17 B. A salt switch involves injecting a salty liquid coacervate into
a low salt medium to diminish the concentration of salt in the material. When the gradient is large

enough, this can trigger a sol to gel transition, solidifying the adhesive [26]. However, these authors did
not report any quantitative adhesion tests.
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Fig. 17. (A) The biomimetic polyelectrolytes developed by Stewart’s group and the resulting complex
coacervate. [42], Copyright 2010. Reproduced with permission from John Wiley & Sons Inc. (B) The
salt switch strategy introduced by the same group using pharmaceutical grade biopolymers. [159],
Copyright 2016. Reproduced with permission from John Wiley & Sons Inc.

Dompé and coworkers [68,97,160] reported a series of insightful studies on multiresponsive
underwater adhesives based on water-rich complex coacervates. Interestingly these authors developed
simple model systems based on synthetic polyelectrolytes, namely poly(dimethylaminopropyl
acrylamide) (PDMAPAA) and PAA. In parallel, they developed analogous graft copolymers with the

same polyelectrolytes grafted with different contents of short, thermoresponsive PNIPAM side chains



(10 — 40 wt%). In the following discussion, we will refer to the complex coacervates made of the
homopolymers and of the copolymers as the homo and graft systems, respectively. Both materials were

injectable liquids at 0.75 M NaCl and room temperature.

The equilibrium water content of the coacervate based on graft copolymers slightly increased with
PNIPAM content. At 0.75 M NaCl and room temperature, for example, the water content increased from
85 to 93 wt% as the fraction of PNIPAM grafts was changed from 0 to 40 wt% [160]. This was due to
the combined effect of the hydrophilic PNIPAM side chains and the effective dilution of the charged
groups. Upon a temperature switch (from room temperature to 50 °C) which turns PNIPAM into a
hydrophobic polymer, no significant change in the overall water content was observed, while a slight
increase was reported after a salt switch. In both cases, the authors proposed a porous structure with

trapped water to rationalize the small change in water content [68,160].

The underwater adhesiveness of these complex coacervates between a glass slide and different
probes were studied by underwater probe tack tests upon salt, temperature, and combined switch
experiments [97]. In all experiments, the aqueous medium was added immediately after contact with the

probe was established.

Upon a temperature switch (T switch; from room temperature to 50 °C), the graft complex
coacervates (containing 30 wt% PNIPAM and prepared at 0.75 M NaCl) showed a highly rate dependent
adhesion to a negatively charged PAA probe, characteristic of soft viscoelastic adhesives, as seen in Fig.
18 A, while the homo complex coacervates were non-sticky under the same conditions (Waan = 0 J.m™2)
[68]. The adhesion energy of the graft coacervates on PAA increased with PNIPAM content, reaching
3.9 J.m for 40 wt% PNIPAM, highlighting thus the role of hydrophobic interactions [160].

Upon a salt switch (S switch), both the homo and the graft complex coacervates (initially prepared
at 0.75 M NaCl) turned into opaque hydrogels when placed in a 0.1 M NaCl medium at room
temperature [97]. The homo system had larger dynamic moduli compared to the more swollen graft
copolymer, but both hydrogels were very soft (G’ = 0.1-1 kPa) and viscoelastic. In underwater probe
tests they displayed extensive fibrillation upon debonding. Because of the higher water retention of the
hydrophilic PNIPAM at room temperature, the graft system showed a better balance between interfacial
interactions and viscoelastic dissipation and was thus deformed to a larger extent (Waan = 6.5 J.m?, Fig.
18 B — C) before cohesive failure, while the homo system failed adhesively (Wagh = 3.2 J.m?). The
adhesion energy of the graft system is noticeably larger than 1.6 J.m2in the T switch. It is also interesting
to note that the value of G’ after a salt switch was almost half that of G’ after a temperature switch (see
Fig. 18 D).

The graft complex coacervates (30 wt% PNIPAM at 0.75 M NaCl) were also studied in combined
temperature — salt switch experiments [97]. Interestingly, it was found that the order in which the two

interactions are triggered impacts the final bulk mechanical properties. As seen in Fig. 18 E, the dynamic



moduli were one decade larger when the material was immediately heated to 50 °C followed by the salt
switch (T + S switch), compared to when it was heated after the salt switch (S + T switch). INnS+ T
switch, the increased number of macroion pairs formed between the large polyelectrolyte backbones at
0.1 M NaCl reduces the mobility of the short PNIPAM side chains. In contrast, the formation of
hydrophobic PNIPAM domains in T + S switch does not prevent the subsequent formation of macroion
pairs. For this reason, and to replicate the real conditions in biomedical applications, the underwater
adhesion tests were done upon T + S switch. The measured adhesion energy (7.2 J.m2) was only slightly
higher than the salt switch alone (Fig. 18 B — C). Nonetheless, the main advantage of this system was a

quick initial adhesion followed by a more gradual stiffening mechanism.
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Fig. 18. (A) The adhesion energy of the thermoresponsive graft complex coacervate upon temperature
(T) switch in underwater probe tack tests against a PAA surface as a function of the nominal strain
rate. (B) Representative nominal stress-strain curves from underwater probe tack experiments on the
graft system at 0.2 s upon T switch, salt (S) switch, and a combined T + S switch and (C) the
corresponding adhesion energies. (D) The linear rheological properties of the graft system upon S
switch and T switch. (E) The linear rheological properties of the graft system upon T + S switch
versus S + T switch. (F) The adhesion energies from underwater probe tack experiments on the graft
system using different probes at 0.2 s* upon T switch. [68], Copyright 2019. Reproduced with
permission from John Wiley & Sons Inc. [97], Copyright 2020. Reproduced with permission from John
Wiley & Sons Inc.

These works highlight the importance of macromolecular design and type of interactions on the bulk
mechanical properties of soft materials [97,160]. The incorporation of different interactions was also
beneficial for versatile adhesion to various surfaces in water, namely charged and uncharged as well as
hydrophobic and hydrophilic surfaces, as seen in Fig. 18 F. This versatility was attributed to the dynamic
nature of electrostatic interactions allowing local polarization at the interface and the amphiphilic nature
of the material [44,68]. Nevertheless, the fact remains that such adhesion energies are almost 2 decades
lower than hydrophobic PSAs in air mainly because of the high water contents in these hydrophilic

coacervates.

An unexpected finding was that the complex coacervates based on the inverse topology, i.e.
oppositely charged polyelectrolytes grafted onto large PNIPAM backbones, lost their
thermoresponsiveness. Unlike the case of uncharged hydrophilic grafts (PNIPAM-g-PDMA, described
in Section 3.1.2), the macroion pairs formed between relatively short polyelectrolyte grafts (DP = 100)
prevented the PNIPAM backbones from collapsing onto one another and thus from forming hydrophobic
domains [161]. This difference is schematized in Fig. 19. As a result, the PNIPAM backbones did not
contribute to the enhancement of the mechanical properties upon T switch; in fact, they rendered the
coacervates even more water-rich. The complex coacervate prepared at 0.1 M NaCl was a viscous liquid
(¢” > @) and the adhesion energy measured in a similar probe tack test was below 1.2 J.m?2. This
example shows that the interplay between weak molecular interactions on different length and time
scales can be rather subtle and understanding the role played by macromolecular design is crucial when

developing soft underwater adhesives.
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Fig. 19. Schematic representation of graft copolymers with PNIPAM backbones grafted with
oppositely charged side chains as opposed to neutral side chains below and above the LCST of
PNIPAM. Reprinted from [161].

Dompé and coworkers also investigated the impact of lowering the water content via extrusion on
the mechanical properties [94]. After 9 minutes of extrusion at 50 °C, the material became increasingly
elastic as the polymer volume fraction (and thus the density of elastically active chains) increased,
leading to a 10-fold increase in the storage modulus. The optimal adhesion/cohesion balance
(tan(8) /G") was obtained at a water content of 77 wt% after 3 minutes of extrusion. This allowed
extensive deformation of the material with a significant adhesion energy of 60.6 J.m* before cohesive
failure upona T + S switch (compared to 7.2 J.m2 and a water content of 88 wt% before extrusion). The
adhesive obtained after 3 minutes of extrusion was stable with little shrinking or swelling in
physiological conditions for 5 days, which is sufficiently long for many applications. Longer extrusion
times rendered the material too elastic (tan(6) too small; tan(8) /G’ too low) causing early adhesive
detachment from the probe. As a result, the adhesion energies were the same or even lower than the

unextruded coacervate.

In practice, using a salt switch to develop injectable underwater adhesives has several limitations,
as noted by our group [26]. Firstly, the salt concentration in the coacervate must not be too different
from physiological conditions. This must be considered when choosing the monomer composition of
the polyelectrolytes and their MW to obtain an injectable (liquid) coacervate. Secondly, complex
coacervates prepared at higher salt concentrations have a lower polymer volume fraction and hence
lower mechanical properties after equilibration into a low salt medium (compared to a complex
coacervate prepared in this medium). A large salt concentration gradient is also very likely to lead to

trapped water in closed pores [97,155,162]. Therefore, there is a nontrivial trade-off between the



injectability of polyelectrolyte complex coacervates and their final mechanical properties upon a salt

switch.

To clarify this point, Vahdati and coworkers [26] studied complex coacervates of poly(2-
acrylamido-2-methylpropanesulfonic acid) (PAMPS) and poly(N,N- [(dimethylamino) propyl]
methacrylamide) (PMADAP) with 100 monomer units. The coacervate at 0.75 M NaCl was an injectable
fluid with a water content of 63 wt%. After 1 h of salt switch in physiological conditions, an adhesion
energy of 4 J.m? was measured against a charged PAA probe in an underwater probe tack test at 0.2 s
1 as shown in Fig. 20. This value is comparable to previous literature reports [68,97]. In contrast, when
prepared at 0.1 M NaCl, the same polyelectrolytes formed an instantly sticky complex coacervate due
to their optimized water content (55 wt%) [26]. Although not injectable, the adhesion energy of this
material was 16 J.m2 under the same experimental conditions and reached 65 J.m (close to Post-1t®
notes and soft healthcare adhesives) at 2 s (see Fig. 20 B). This underwater adhesive could be applied
directly under water and featured repeatable underwater adhesion without relying on a salt switch.
Nonetheless, complex coacervates based on such low molecular weights soften in large deformations

due to the absence of entanglements, like uncrosslinked, hydrophobic PSAs.
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Fig. 20. (A) Nominal stress-strain plots from underwater adhesion experiments in a low salt medium,

either 0.1 M NaCl or PBS at a nominal strain rate of 0.2 s™*. All experiments were performed after 1 h



of immersion in the aqueous medium. (B) The effect of the nominal strain rate on the underwater
adhesion of the 0.1 M sample tested in a 0.1 M NaCl medium. The inset presents the corresponding
adhesion energies. (C) Images taken from the underwater adhesives during debonding at large
deformations. (D) The corresponding adhesion energies. [26], Copyright 2020. Adapted with
permission from American Chemical Society Publications.

Another type of polyelectrolyte complex-based underwater adhesive was introduced by the Lapitsky
group [95], who developed water-poor physical hydrogels based on poly(allylamine) (PAH) physically
crosslinked with strongly binding multivalent anions, pyrophosphate (PPi) and tripolyphosphate (TPP).
The design and properties of the PAH/TPP system is demonstrated as an example in Fig. 21 A. These
hydrogels are sensitive to the ionic strength and the pH of the medium. They take up more water and
become more viscoelastic upon addition of salt, changing the preparation pH of the parent solutions, or
upon exposure to highly acidic or basic media. However, under all the reported preparation conditions
(0.0 M <[NaCl] < 0.5 M, and 6 < pH < 8), the water content in these complexes was very low between
25 and 38 wt% [48,95].

Under physiological conditions, i.e. pH = 7 and 0.15 M NaCl, both PAH/PPi and PAH/TPP were
stiff viscoelastic hydrogels slightly above the gel point, with G’ and ¢” around 200 and 80 kPa (at 1
rad.s?) (see Fig. 21 B). Deviation from this pH at preparation changed the charge balance and led to
softer materials. However, once prepared at a certain pH, the complexes were relatively insensitive to
moderate fluctuations in the pH of their medium (by 1 — 2 pH units). Salt affected both materials in a
similar manner to polyelectrolyte complexes (between oppositely charged polymers). In general,

PAH/TPP was characterized by stronger binding and was less sensitive to the above factors [48,95].
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Fig. 21. (A) PAH/TPP coacervate as a wet adhesive. (B) The dynamic behavior of PAH/TPP physical
hydrogel prepared at pH 7 with no added salt. [95], Copyright 2015. Reproduced with permission
from American Chemical Society Publications. (C) The lap shear strength of the PAH/TPP coacervate
prepared at different pH without added salt and (D) prepared at different NaCl concentrations at pH
7. [48], Copyright 2015. Reproduced with permission from American Chemical Society Publications.

The wet adhesive properties of PAH/PPi and PAH/TPP were measured by lap shear tests. The results
for the PAH/TPP coacervates are presented in Fig. 21 C — D. The samples were directly prepared in
deionized water on both hydrophilic (glass) and hydrophobic (PTFE) substrates followed by 3 — 4 h of
immersion. They were then removed and immediately tested in the wet state at 0.85 mm.s (or 2.2 s2).
In agreement with their linear viscoelastic behavior, the highest adhesion strengths (350 — 450 kPa) were
reported for the samples prepared at 0.0 M NaCl and pH = 7 [95]. The adhesion strength was almost
independent of substrate chemistry, but the failure mode was cohesive on glass versus adhesive on
Teflon. As seen in Fig. 21 C — D, the softening resulting from the addition of salt or alteration of the pH
lowered the adhesion strength. The lowest adhesion strengths (< 100 kPa) were reported for the
complexes prepared at pH = 8 (0.0 M NaCl) or 0.3 M NaCl (pH = 7) [48].

As mentioned earlier, when both components are polymers, several macroion pairs must
break/dissociate at once to allow relaxation on the scale of a chain segment. The relatively small size of
the oppositely charged crosslinker (PPi or TPP) may thus explain the high sensitivity of these complexes



to the presence of counter ions. Needless to say that entanglements are less likely to contribute to the
creep resistance of these adhesives [150]. On the other hand, using smaller crosslinkers may help to

reduce the free volume in the material and favor lower water contents.

Underwater adhesives were also reported based on hybrid (organic - inorganic) supramolecular
assemblies (coacervates) of short, cationic peptides and polyoxometalates, as demonstrated in Fig. 22
[96]. Polyoxometalates are metal oxide clusters known for their rigid conformation, single MW
distribution, and being highly negatively charged in water [163]. Due to the polyampholyte nature of
the peptides used, the samples were prepared well below their isoelectric point at pH = 2 (above pH =
2.5, a clear solution, rather than a coacervate, was obtained). The complex based on SiW (HaSiW12040)
and Pepl (Ac-EEMQRRAD-NH2, containing two arginine (RR) and two glutamic acid (EE) residues,
pl =4.7) had a 2:1 Pepl:SiW ratio and formed a stiff viscoelastic gel with ¢’ and tan(§) around 1 MPa
and 0.4 (at 5 rad.s), respectively. The underwater adhesion of Pep1:SiW in lap shear tests at 10 mm.s
! was around 25 — 30 kPa regardless of the substrate (glass, aluminum, and polyether-ether-ketone
(PEEK)). As seen in Fig. 22 D, the failure mode was cohesive in all cases. These authors showed that
the mechanical properties of these materials were insensitive to the type of polyoxometalate used; rather,
they were mainly controlled by the net charge and the size of the peptide. For instance, the material lost
its underwater adhesiveness as the cationic arginine moieties were replaced with anionic glutamic acid
moieties. The authors did not comment on the long-term stability of this adhesive; the tests were
performed after 15 min of immersion in deionized water. Finally, the addition of salt weakened the

adhesive properties, as expected [96].
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Fig. 22. (A) The preparation of Pepl:SiW coacervate from initially homogeneous solutions of each
component. (B) Schematic representation of the co-assembled network of the coacervate phase. (C)
The underwater lap shear setup used in this work. (D) A typical force-displacement curve from the
underwater lap shear test on aluminum substrates. (E) The underwater adhesive performance of
Pep1:SiW coacervate on different substrates and in comparison to a commercial tissue adhesive tested
under similar conditions on aluminum substrates. [96], Copyright 2017. Reproduced with permission
from American Chemical Society Publications.

Similar materials based on a shorter peptide (tripeptide) and a similar polyoxometalate (SiW11) were
designed to respond to the pH and to the presence of metal ions [40]. This material started out as an
water-poor but still injectable coacervate with a water content of 23 — 26 wt% at a tripeptide:SiWa; ratio



of 2.4:1at pH = 6.5. It then turned into a viscoelastic hydrogel upon lowering the pH (at pH = 4.5: water
content = 15 — 17 wt%, G’ ~ 100 kPa, tan(8) ~0.35 at 1 rad.s*) or addition of metal ions such as Co?
or Ni?* (at 0.1 M Co?": G’ ~ 100 kPa, tan(8) ~0.15 at 1 rad.s™). The underwater shear strength on
various substrates was measured to be 30 — 36 kPa at pH = 4.5 and 15 — 21 kPa at 0.1 M Co?" (pH =
6.5). The failure mode was cohesive in all cases with little dependence on the substrate type,
characteristic of soft liquid-like PSAs with low resistance to creep. This is not unexpected, given the
small molecular components and the dynamic interactions involved in this coacervate-based adhesive.
Nevertheless, these features work in favor of making their underwater adhesion repeatable (over a few

attachment / detachment cycles).

We note that polyoxometalates are also capable of forming other interactions, as we will see in the

following section.

3.3. Based on H-bonding interactions

Hydrogen bonding is one of the strongest (1 — 50 kT) physical interactions and therefore holds great
potential for making soft, but resilient underwater adhesives [8,164]. However, the main challenge with
using H-bonding for underwater adhesion is winning the competition against water itself. This is simply
because water molecules act as both H-bond donors and H-bond acceptors. If the H-bonding partners
have a larger affinity for water molecules than for one another, the material will swell and possibly
dissolve in water over time. As we will see in the examples reviewed in the following, current systems
reporting H-bonding for underwater adhesion usually take advantage of complementary weak
interactions.

Tannic acid (TA) is a naturally-occurring, bulky polyphenolic compound capable of forming
multiple weak interactions, mainly H-bonds, with both natural and synthetic polymers such as gelatine,
poly(ethylene glycol) (PEG), and poly(vinyl alcohol) (PVA) [99,165,166]. The TA molecule can be
seen in Fig. 23. Mixing solutions of these polymers with a TA solution at certain ratios leads to an H-
bonding-driven complex coacervation with a polymer-rich phase and a water-rich supernatant. The
coacervate is usually a highly viscous liquid (more viscous than the parent solutions) potentially useful
as a wet and or underwater adhesive. It has been suggested that the presence of TA promotes interfacial
interactions with substrates [99].

Lee’s group [98] reported tissue adhesives based on the complexation of TA and a 4-arm PEG and
named them TAPE. In probe tack tests of TAPE between porcine skin substrates (at 0.02 mm.s™ in air),
a high adhesion strength of 180 kPa was measured with a shape of the force — displacement curve,
consistent with liquid adhesives, suggesting a cohesive failure mode. However no clear data was
provided for the underwater adhesiveness of TAPE and the adhesion strength decreased by 50 % in the
presence of a 20 ul drop of water. Furthermore, TAPE was prepared at pH = 2 where H-bonding was

abundant; deprotonation of TA at neutral or basic pH produced non-adhesive gums or liquids. It is



therefore not clear whether TAPE would keep its adhesiveness if immersed in water (equilibrium water

content of the adhesive was not reported) or in physiological fluids.
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Fig. 23. (A) The preparation of the underwater adhesive based on PVA and TA. The formation of
numerous H-bonds between the PVA chains and TA leads to the formation of a physical hydrogel,
which the authors called VATA. (B) Visualization of VATA's performance as an underwater adhesive
directly applied under water. [99], Copyright 2020. Reproduced with permission from American

Chemical Society Publications.

The same group reported high strength underwater adhesives based on H-bonding-driven
coacervation of TA and PVA in water (named VATA), as illustrated in Fig. 23 [99]. When prepared



from 20 wt% solutions of each component, VATA 20-20, the adhesive was a highly viscous, water-
poor liquid with dynamic moduli around 10 kPa. The tensile strength in underwater probe tack tests at
0.02 mm.s* was around 70 kPa, even when the contact was made 24 hours after immersion, suggesting
a stable water content (although the water content was not reported by the authors). The adhesion
strength did not change in acidic pH but decreased by half at pH = 10.

Peng and co-workers [102] performed an extensive study on coacervates from TA and commercially
available amphiphilic block copolymers of PEG and poly(propylene glycol) (commercially called F68,
PEG77-PPG2-PEG77, MW = 8400 g.mol?), as shown in Fig. 24 A. The authors concluded that
coacervation was mainly due to H-bonding interactions between TA and PEG, but that the hydrophobic
PPG cores of F68 micelles also contributed to the mechanical properties. This scenario is schematized
in Fig. 24 B. The coacervates were highly viscous, very water-poor adhesives (water contents of 13 —
33 wt%). The best adhesive properties corresponded to TA40+F68-10 coacervate with a water content
of 25 wt% and a viscosity of 590 Pa.s. The underwater adhesion strength of this coacervate depended
strongly on the substrate, with 600 kPa measured on hydrophobic PMMA and 132 kPa on hydrophilic
glass in pull-off tests at 1.7 mm.s™* upon application of 30 N for 10 s. A higher compression force in
contact increased the bonding strength. Similarly, repeated pull-off tests (tens to hundreds of cycles)
increased the adhesion strength before reaching a plateau. We believe these observations may be due to
the high viscosity of the adhesive formulation, limiting the contact area even upon a non-negligible
contact force of 30 N. The underwater adhesion of TA40+F68-10 was optimal when prepared at pH 4

— 5 and its performance was insensitive to the presence of NaCl (up to 1.0 M) in the medium.
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Fig. 24. (A) The coacervation of TA and PEG-PPG-PEG (F68) leading to the formation of liquid
droplets rich in polymer and TA. Upon centrifugation, the droplets coalesced into a dense phase at the
bottom of the tube. (B) The schematic illustration of the weak interactions responsible for the
coacervation of TA-F68. [102], Copyright 2021. Reproduced with permission from American

Chemical Society Publications.

The same group reported a wet adhesive based on H-bonding-driven coacervation of SiW, a
polyoxometalate, and PEG at acidic pH (< 4) [100]. The oxygens of SiW and the ether oxygens of PEG
formed H-bonds mediated by hydrated protons. No electrostatic interactions were involved in
coacervation. These highly viscous coacervates prepared at different mixing ratios were extremely
water-poor (16 — 22 wt% water). The adhesion strength of this adhesive to pork skin in probe tack tests
at 0.2 mm.s was 76 kPa. Addition of a small amount of water at the joint increased this value to 98
kPa. This enhancement was attributed to the facilitation of H-bonding in the presence of water molecules
and the increased mobility of PEG chains. Underwater adhesion tests were not reported. However, we
speculate that this adhesive should swell in the presence of excess water, compromising its performance.

Inspired by this work, Cui and co-workers [101] developed wet adhesives taking advantage of H-
bonding and electrostatic interactions between low MW (1800 g.mol™?) branched polyethyleneimine
(PEI) and a polyoxometalate called PW12. Optimal viscosity (0.8 Pa.s) and adhesive properties were
found at a nearly equimolar ratio at pH = 9 where both interactions were present. The dry lap shear



strength of this adhesive measured at a crosshead velocity of 0.3 mm.s™* (adhesive thickness not
specified) was in the range of 164 to 319 kPa on hydrophilic substrates such as glass and wood. The
wet shear strength was around 70 kPa for porcine skin. Even though the authors claimed underwater
adhesiveness, no measurements were performed to quantify this, nor the long-term stability of this
adhesive in water.

Wang and co-workers [103] recently reported a hydrophobic underwater PSA based on poly(2-
methoxyethyl acrylate) (PMEA) and poly(N-allylthiourea) (PATU) at 85 and 15 mol%, respectively. As
shown in Fig. 25, the distinguishing feature of the PMEA-PATU adhesive is the synergistic
contributions of H-bonding and hydrophobic interactions, resulting in a temperature-insensitive loss
factor of 1 between 1 and 100 °C (see Fig. 25 C). The dynamic moduli scaled with the square root of
frequency (G’ = G"~w®%) over a wide range (10° — 10° Hz), indicating a segmental Rouse mode due to
the decelerating impact of the reversible associations. The storage modulus of this adhesive fell in the
window between a high enough modulus to resist shear and the Dahlquist’s criterion (1 kPa < ¢’ <

100 kPa) within the time scales of bonding (~ 1 s*) and debonding (~ 25 s) (see Fig. 25 C).
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Fig. 25. (A) The solvent-free preparation of the PMEA-PATU underwater adhesive. (B) The
hydrophobic drainage of water from the interface in the underwater adhesion of PMEA-PATU. (C)

Evolution of the dynamic moduli of PMEA-PATU with temperature at different frequencies. The two

dashed lines mark the minimum required modulus for resistance against shear and the Dahlquist’s



criterion. (D) The underwater adhesion strength of the adhesive on different substrates in probe tack

tests at 0.083 s™ at 20 °C. (E) The stress-strain curves from underwater adhesion tests on glass at 25

s at different temperatures, and (F) at different strain rates at 20 °C. (G) The strain rate dependence
of the adhesion strength. [103], Copyright 2021. Adapted with permission from John Wiley & Sons

Inc.

As expected from the above properties, PMEA-PATU showed generic underwater adhesion to
various surfaces, with an adhesion strength of 60 — 70 kPa and cohesive failure in underwater pull-off
tests at 0.08 s at 20 °C (Fig. 25 D). The adhesion strength against glass dropped with immersion time,
reaching a plateau at 50 kPa after 4 days. This was probably due to the partial swelling of the adhesive
in water. As expected for a viscoelastic gel, the adhesion strength was temperature and rate dependent,
as shown in Fig. 25 E — G. It reached 155 kPa at 25 s at 20 °C on a glass substrate. At the same rate,
the adhesion strength was 307 and 16 kPa at 1 and 100 °C, respectively [103]. The authors did not report
the corresponding adhesion energies.

Most recently, Niu and coworkers [167] reported a simple, dry PSA based on random copolymers
of AA and BA (butyl acrylate) for robust underwater adhesion, as presented in Fig. 26 A. The
viscoelastic properties of this PSA were fine-tuned by varying the molar ratio of the comonomers, as
shown in Fig. 26 B. At an optimal BA : AA molar ratio of 2.8 : 1.0, called P(BA2s — AA1p), the dry
adhesive at room temperature was a highly viscoelastic material close to the gel point with the dynamic
moduli just below 0.1 MPa (Dahlquist’s criterion) and a Tq of — 8.4 © C. The authors attributed the
cohesive properties of P(BA2s — AA1 ) to the abundant H-bonding interactions of the AA comonomers
with the BA and other AA comonomers (see Fig. 26 A) [167]. We note that this composition is similar
(with more acrylic acid) to commercial hydrophobic PSAs (which can contain up to 10 mol % in acid
functions). In this work, higher and lower ratios of BA : AA led to liquid like samples with low shear

resistance and solid like samples with too high elasticity, respectively.
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Fig. 26. (A) The design of dry underwater PSAs based on extensive hydrogen bonding and
hydrophobic interactions. Other weak interactions may also contribute to the interfacial adhesion. (B)
The adjustment of the viscoelastic properties of the dry PSAs by varying the comonomer compositions.
(C) A typical force - displacement curve from an underwater probe tack test on P(BA2s — AA1 o). [167],

Copyright 2022. Reproduced with permission from American Chemical Society Publications.

In water, this material showed limited swelling with a saturated water uptake of 16.8 wt%, making
it a hydrophobic PSA adhesive. Indeed, this stable water content is promising for long-term underwater
adhesion. As schematized in Fig. 26 A, this PSA is capable of forming various weak molecular
interactions with immersed substrates, notably H-bonding and hydrophobic interactions (among others
suggested by the authors, but not elucidated; for instance, electrostatic interactions in the case of PAA
are pH dependent, but this was not studied/reported) (see Fig. 26 A). The hydrophobic n-butyl functions
of the BA comonomer were suggested to help to remove the water layer at the interface upon contact

under the application of some pressure. This also helps to limit its swelling in water.



The P(BA2s — AA1o) PSA featured a tack strength of 57 kPa against stainless steel (SS) with an
adhesion energy of 45 J.m% upon the application of 63 kPa of bonding pressure for 60 s (Fig. 26 C).
Without the debonding rate or strain rate reported, it is difficult compare these values with those from
other systems. The tack strength increased almost monotonously with the pre-stress applied, reaching
320 kPa for a pre-stress of 640 kPa. This is probably due to the high storage modulus of the adhesive,
compromising good contact formation. Nevertheless, at a pre-stress of 250 kPa, the P(BA2s — AA10)
PSA had tack strengths of 115 — 150 kPa on various hydrophilic and hydrophobic substrates under
artificial seawater. The performance of this hydrophobic underwater adhesive was repeatable over 30
cycles of attachment/detachment. When stored in water for several days, the bonding strength of the
adhesive decreased to some extent (around 110 kPa) but remained relatively constant afterwards,
consistent with the slight water uptake of the adhesive [167].

3.4. Based on other weak interactions

A growing body of experimental evidence has underlined the importance of other weak molecular
interactions, namely m-type (r — m and cation — ) interactions and metal-ligand coordination, in the
underwater performance of organismal adhesives [168-171]. The majority of these insights are based
on micro- and or nano-scale adhesion experiments (mainly Surface Force Apparatus (SFA)
measurements and some Atomic Force Microscopy (AFM)), probing the strength of these interactions
at a single-molecule level and or at interfaces between ultrathin films. Until recently, no study had
developed bulk model systems based on these weak interactions (without covalent interactions involved)
to quantify their possible contributions to macroscopic underwater adhesion. In this section, we briefly

review the few pioneering works which encourage further developments in this direction.

Cation — m interactions are the result of the non-covalent attractive force between an electron-rich
7 system and positively charged cations or moieties in their vicinity [164]. Fan and coworkers [21]
synthesized a series of alternating copolymers with adjacent cationic-aromatic sequences, named
poly(cation-adj-m), as shown in Fig. 27 A. These copolymers are soluble in salt-free water due to the
electrostatic repulsion between the positively charged comonomers. At 0.7 M NaCl where the repulsive
forces between the like (positive) charges are sufficiently screened, the copolymers form water-rich
physical hydrogels stabilized by the cation — = and hydrophobic interactions as well as chain
entanglements. The physical hydrogels with the acrylate-based and the methacrylate-based model
monomers had different equilibrium water contents (88 and 69 wt%, respectively) due to the more
hydrophobic nature of the latter monomer. This can be seen in the tensile behavior and the linear
rheological properties of the physical hydrogels (Fig. 27 B — C). Unlike the stiffer methacrylate-based
system, the acrylate-based hydrogel was relatively soft (Young's modulus ~ 5 kPa), highly dissipative
(tan(8) ~ 0.5), and highly stretchable (maximum strain ~ 11). This hydrogel had a tack strength of ~
6 kPa and an adhesion energy of ~ 30 J.m against negatively charged glass surfaces in underwater (in

0.7 M NaCl) probe tack tests at 100 um.s™. The hydrogel featured a finger-like, fibrillar structure and



went through extensive deformation and strain-hardening leading to interfacial failure with little residue
on the glass surface (Fig. 27 D — E). The authors demonstrated the universality of their strategy using
other cationic and aromatic comonomers. They argued that cation - = and hydrophobic interactions play
complementary roles in both the interfacial adhesion (via removing surface salt ions and breaking the
hydration layer) and the bulk energy dissipation (cohesion).
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Fig. 27. (A) The design of poly(cation-adj-r) interactions producing sticky physical hydrogels in
saline water. (B) The tensile behavior of the physical hydrogels based on the acrylate- and the
methacrylate-based comonomers and (C) their linear viscoelastic behavior. (D) Schematic illustration
of the underwater (0.7 M NaCl) probe tack test as well as the stress - displacement curve of the
acrylate-based system. Signs of strain-hardening can be seen at large deformations. (E) Images
showing extensive bulk deformation and fibrillation of the acrylate-based system in 0.7 M NaCl. [21],

Copyright 2019. Adapted with permission from Springer Nature.



Reporting on chemical hydrogels rich in monomers bearing aromatic groups inspired by the
composition of barnacle cement, Fan and coworkers [172] highlighted the role of cation - mrand Tt — 7
interactions in both the cohesion of the hydrogels by providing energy dissipation mechanisms and the
interfacial adhesion by breaking the hydration layer using hydrophobic interactions. Interestingly, the
gels containing 80 — 85 mol % aromatic moieties featured superior adhesion in “water”, whereas those
containing 70 mol % aromatic groups performed better in “0.7 M NaCI”. Once again, this highlights the
importance of salt concentration in finding the right balance between electrostatic repulsion and the
cohesion provided by m — type interactions, all considering the composition of the comonomers.
Another insightful work from this group demonstrated the role of comonomer distribution along the
chain (at a given comonomer ratio; equimolar in this case). [173] In a 0.7 M NaCl medium, the
copolymer hydrogel with adjacent cationic and aromatic comonomers (an alternating copolymer) had a
better underwater adhesion performance compared to its counterpart with block sequences of those same
comonomers. The authors argued that the multi-block copolymer forms large hydrophobic aggregated
structures in water, with trivial or no contribution to the stabilization of the cationic moieties. We
emphasize that the hydrogels developed in both of these works are chemically crosslinked. Physical

hydrogel analogues of these chemically crosslinked hydrogels merit further investigation.

Inspired by the cation-rr interactions of model proteins leading to liquid-liquid phase separation,
Zhu and coworkers [104] synthesized a poly(ionic liquid), poly(1-benzyl-3-vinylimidazolium chloride)
(P-Ben), as shown in Fig. 28 A. P-Ben is a strong polycation with an aliphatic backbone, bearing a
dangling cation-methylene-phenyl (C-M-P) sequence. A C-M-P type sequence allows salt-induced
coacervation at different salt concentrations depending on the monomer composition and concentration.
At a P-Ben concentration of 0.1 M, coacervation occurs at NaCl concentrations above 0.1 M (see Fig.
28 B). The coacervate phase is a viscoelastic fluid (1 < tan(§) < 2) with the dynamic moduli in the
range of a few kPa (see Fig. 28). When directly applied on glass substrates under water in physiological
conditions (0.15 M NaCl), P-Ben has an instant lap shear strength of about 20 kPa. As expected, higher
salt concentrations further screen repulsive electrostatic interactions, which, in this case, lead to stronger
cation-i interactions and higher shear strengths (~ 40 kPa in seawater). In order to enhance the
interfacial adhesion of the formulation, the C-M-P monomer was randomly copolymerized with two
comonomers bearing catechol and vinyl functions (the copolymer called P-Cat-3). The synergy of these
functions enhanced the underwater lap shear strength to 160 kPa on glass and 40 kPa on porcine skin
(0.15 M NaCl, pH = 6.8). The underwater adhesion remained almost unchanged up to pH = 9. However,
highly basic pH led to a reduction in the adhesion strength, which was attributed to the oxidation of the

catechol function.
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(P-Ben) with other comonomers for enhanced interfacial adhesion. (D) The underwater lap shear
strength of the copolymer in C on various substrates. [104], Copyright 2022. Reproduced with

permission from John Wiley & Sons Inc.

Metal — ligand coordination is another type of weak interaction extensively cited to play a nontrivial
part in organismal underwater adhesion [2,174,175]. These interactions are based on the exchange of
electron pairs between a metal ion (a Lewis acid) and an organic ligand (a Lewis base). Depending on
the nature of the metal ions and the organic motifs (ligands), the binding strength of these interactions
can be widely tuned [164]. Surprisingly, very few works have developed bulk underwater adhesives
based on metal — ligand coordination alone. Recently, Wei and coworkers [105] reported
interpenetrating networks of hydroxypropyl methylcellulose (HPMC) and PDMAEMA. As shown in
Fig. 29, the HMPC network was crosslinked via coordination complexation with SiW (tungstosilicic
acid) while the PDMAEMA was crosslinked via metal coordination with Fe3* ions, as confirmed by
FTIR spectroscopy. Hydrogen bonding between the two polymers can also contribute to the network
strength. The water-poor HPMC/SiW-PDMAEMA/Fe** hydrogel (at the optimal ratio between the
components) had a G’ on the order of 10 kPa and a tan(6) of 0.5. After 1 h of immersion in water, the

hydrogel had a wet shear strength of ~ 50 kPa to glass. This value dropped to less than 30 kPa and then



20 kPa after 3 h and 18 h of immersion in water, respectively, indicating an increase in the water content
of the hydrogel over time.
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Fig. 29. Schematic representation of the preparation of an HPMC/SiW /Fe** hydrogel and the
physical interactions involved. [105], Copyright 2021. Reproduced with permission from American

Chemical Society Publications.

4. Tuning underwater adhesiveness

Considering the state-of-the-art reviewed above, we propose the following guidelines for future
works aiming to obtain soft PSA-like coacervates:

(1) It is important to explore combinations of weak molecular interactions in well-defined model
systems. Multiple weak interactions can provide complementary, orthogonal, or synergistic
contributions to the adhesive properties. Meanwhile, they can possibly offer adhesion on different time
scales and or via different mechanisms for more robust, more versatile adhesion. As reviewed above,
obtaining a synergy between different interactions necessitates careful design of the MW, the monomer
composition, the copolymer topology, and the grafting density. Otherwise, one interaction may interfere
with or impede other interactions, as shown by different groups [21,160,161]

(2) Equilibrium water content is a determining factor in the viscoelastic and adhesive properties of
soft underwater adhesives. Lower water contents lead to stiffer coacervates and hydrogels with stronger
mechanical properties. In all cases, the water content must be stable over time to ensure consistent
performance. The adhesive must therefore be at an equilibrium degree of swelling or thermodynamically

immiscible with water. For instance, water-poor and water-rich polyelectrolyte coacervates become



relevant for real wet and underwater applications at water contents below 35 and 75 wt%, respectively.
In principle, water-poor complex coacervates are more interesting in terms of adhesion strength, but

their injectability may be limited due to high viscosity.

(3) When using hydrophobic interactions in designing underwater adhesives, the stability of the
hydrophobic domains is critical. For instance, we speculate that POEGMA based hydrogels must have
a lower underwater stability against excessive swelling relative to PNIPAM-based hydrogels because
PNIPAM hydrophobic domains are known to have much longer lifetimes due to their very slow
dynamics above the transition temperature [108]. Another important factor is the molar mass of the
hydrophobic moieties; the energy barrier against removing a long PNIPAM chain from a hydrophobic
association is much larger compared to that for a short one [25]. We remind the reader that other well-
known thermoresponsive polymers such as POEGMA are well above their T4 at room temperature. As

a result, their hydrophobic domains remain in the rubbery state.

As for host-guest interactions, the mechanical properties are closely related to the
association/dissociation constant of the host and guest molecules. Although these interactions have been
mostly studied at interfaces, they may be useful for making soft underwater adhesives if the number and
or the lifetime of the interactions can be controlled to produce water-rich viscoelastic gels instead of
elastic ones. Obviously, the association constant must be sufficiently high to control the equilibrium
water content. So far, combinations of these interactions with other weak molecular interactions have

not been studied for the purpose of underwater adhesion.

(4) Different triggers, such as temperature (as discussed above) but also salt concentration and pH,
may be employed in the development of soft injectable underwater adhesives. The use of high salt
concentrations in the case of polyelectrolyte complex coacervates is limited due to (i) the tolerance of
body tissues in biomedical applications and (ii) the trade-off in mechanical properties due to the decrease
in polymer volume fraction. Similarly, in the case of thermoresponsive underwater PSAs, the polymer
concentration in the initial solution cannot exceed a certain value, depending mainly on the MW, if
injectability is a requirement. This also limits the polymer volume fraction in the final hydrogel unless

a macroscopic phase separation (coacervation) takes place.

(5) Tuning the MW is critical in the design of soft adhesives, in water like in air. As mentioned
earlier, a broad MWD and a low degree of crosslinking impart generic stickiness to hydrophobic PSAs.
In the case of soft underwater adhesives, the crosslinking is provided by abundant weak interactions
which are usually dynamic. The number density of these interactions as well as their lifetime (if tunable)

can be utilized to tune the viscoelastic and adhesive properties of the material.

We do not know of a work focusing on the MWD of soft underwater adhesives. Nonetheless,
relatively small MW polyelectrolytes (N = 100 — 300) can possibly produce self-adhesive coacervates

without needing a salt switch, as shown by Vahdati and coworkers [26]. The shortcoming in this strategy



is the absence of entanglements and the lack of strain hardening in large deformations. The same is true
in the case of electrostatically driven complex coacervates where one or both polyelectrolytes are
replaced with smaller, non-macromolecular molecules (for examples see Fig. 21 and 22). Inspired by
hydrophobic adhesives, this challenge might be addressed by using polyelectrolytes of large

polydispersity or a combination of small and large MW polyelectrolytes.

Intriguingly, all the systems reviewed in the section on H-bonding interactions similarly rely on
relatively low MW (< 20 kg.mol™) polymers. The reason for choosing such small molecular weights
was not clearly reported; however, we speculate this is due the lower viscosity and the better
processability of the formulations. In fact, most of the present works have reported highly viscous liquid
adhesives. Therefore, higher MWs must have produced solid precipitates or heterogeneous materials.
This is reminiscent of high MW, hydrophobic polyelectrolytes which make water-poor solid precipitates
over a wide range of salt concentrations. By analogy with electrostatic interactions which can be doped
using salt, the addition of small molecules capable of disrupting H-bonds (like urea) is an idea worth

exploring.

(6) The few reported investigations on cation — i interactions have clearly highlighted their promise
for bulk underwater adhesion. In a series of works on physical and chemical hydrogels based on these
interactions, Fan and coworkers [21,172,173] demonstrated how the chemistry, fraction, and sequence
of the two comonomers (bearing cationic or T moieties) can be designed to achieve adhesion in pure or
salty water. The work of Zhu and coworkers [104] was based on monomers with a pendant group bearing
both the cationic and the m residues separated by a methylene. Using SFA measurements on model short-
sequence peptides, Chang et. al. [176] showed the significance of the sequence topology and
composition on the cation- 7 interactions which eventually determine the underwater adhesive
properties. All these works mark the importance of (i) “how” the cationic and m residues are positioned
with respect to one another (within each monomer unit or along the copolymer), and (ii) “at what ratio”
they are incorporated in the copolymer. The former point is reminiscent of the work of Vahdati and

coworkers on thermoresponsive graft copolymers discussed in section 3.1.2 (see Fig. 5 A).

Another point to consider when using  — type interactions is that a minimum salt concentration to
screen electrostatic repulsion is indispensable before these interactions can effectively contribute to the
mechanical properties (see Fig. 27 B). This minimum salt concentration is expected to be lower when
the copolymer is rich in aromatic groups. This is due to both the lower electrostatic repulsion at smaller
concentrations of cationic groups and the larger contribution of = — 7 and hydrophobic interactions.
Therefore, unlike polyelectrolyte complex coacervates, the systems based on cation- 7 interactions hold

great potential for applications in high salinity media such as seawater.

(7) Future work on hydrophilic underwater adhesives based on metal — ligand coordination may

draw inspirations from the existing literature on metal — coordinate crosslinked hydrogels [177-179]



that have clearly demonstrated the tunability of the dynamics of these systems by changing the metal

ion, the ligand chemistry, and or their (molar) ratio.

(8) A less explored strategy to enhance the performance of soft underwater adhesives is to
incorporate rigid particles into them, as done for hydrophobic PSAs [92]. Dompé and coworkers [180]
showed the feasibility of this strategy using hybrid polyelectrolyte complex coacervates based on
thermoresponsive polyelectrolytes and silica nanoparticles. However, they mentioned that due to the
strong polymer-particle interactions involved in their system, obtaining a macroscopically homogeneous
material was strongly dependent on the preparation method. They also reported a strong partitioning
behavior, with most of the nanoparticles ending up in the coacervate phase. It is thus critical to find a
reproducible preparation method and to determine the partitioning behavior in the case of phase

separation.

The seminal work of Rose and coworkers [181] showed the potential of nanoparticle suspensions to
act as adhesives for gels and biological tissues. With optimal design of the gel network mesh size and
the particle surface chemistry, the formation of weak molecular interactions between multiple monomers
(per network strand) and the surface of the nanoparticles may also provide an efficient adhesion strategy.
In this general strategy, shown for carbon nanotubes, cellulose nanocrystals, and silica nanoparticles,
the particles connect the two adherend gels while the polymer chains bridge the nanoparticles, as shown
in Fig. 30 A. This strategy was shown to be effective in bonding water-rich hydrogels and wet biological
tissues. Inspired by this work, Michel and coworkers [182] used coatings of coagulation-promoting
nanoparticles to achieve adhesion between hydrogels and soft tissues both in the absence and the

presence of blood (Fig. 30 B and C, respectively).
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nanoparticles as intermediates. [181], Copyright 2014. Reproduced with permission from Springer
Nature. An example of the extension of this strategy to biological tissues (B) in the absence and (C) in
the presence of blood. [182], Copyright 2020. Reproduced with permission from American Chemical

Society Publications.

5. Challenges and perspectives



As we have seen in this review, weak molecular interactions have great potential for developing
hydrophilic materials with inherent or on-demand stickiness while fully immersed in aqueous media or
exposed to a high level of humidity. Nonetheless, research on soft underwater adhesives still has several
important challenges to deal with. Current hydrophilic underwater adhesives based on weak physical
interactions (i) are softer compared to their hydrophobic self-adhesive counterparts (PSAs), (ii) are
limited in scope due to a nontrivial compromise between injectability and adhesive properties, and (iii)
are still mostly based on synthetic model polymers. Considering these aspects, the perspectives of the

field are summarized in Fig. 31 and discussed below.

Naturally, the first perspective in this field is to develop soft but more robust underwater adhesives,
with adhesion energies exceeding 100 J.m2 (Fig. 31). Achieving this goal requires elaborate materials
design, given the viscoelastic nature of these adhesives. As discussed extensively in this review,
developing a too elastic material (too small tan(6)) will favor debonding too easily from substrates
while a too viscous material will fail cohesively due to creep. Ideally, one would like to enhance both
the storage and the loss moduli of the adhesive, without exceeding neither the Dahlquist’s criterion (G
< 0.1 MPa) nor a tan(§) value of 0.5. However, in many systems, the equilibrium water content and
the interplay between different weak molecular interactions may limit the enhancement of the moduli

and or the optimization of the loss factor.

One way to overcome this challenge may be to develop hydrophobic adhesives with a
thermodynamically limited and stable water content (below 20 wit%), as reported by Wang and
coworkers [103] and Niu and coworkers [167]. These systems combine relatively strong hydrophobic
interactions with other weak molecular interactions such as H-bonding and electrostatic interactions.
Hydrophobic interactions are beneficial for removing the water at the interface, making way for other
interactions to form as well. In a similar way, -based interactions may benefit from the hydrophobicity
of the = moieties to break the layer of bound water at interfaces, as suggested by Fan and coworkers
[21].

An alternative strategy can be to find ways to reduce or limit the water content in hydrophilic
adhesives. There exists a good understanding of water content control for systems based on electrostatic
interactions, as discussed in Section 3.2.2 (see Fig. 11). Similarly, the works of Vahdati and coworkers
[25,36] (see Fig. 5 — 7) and Fan and Gong [21,172] (see Fig. 27) provide preliminary but important
insights for systems based on hydrophobic and m-type interactions, respectively. These works may
inspire similar investigations on the roles of copolymer composition, architecture and topology as well
as monomer composition for the design of soft underwater adhesives based on these and other weak
molecular interactions. In all these cases, the challenge is to reduce the water content while optimizing
the viscoelastic properties, because a mere reduction in the water content often leads to rigid, non-sticky

materials. Another possibility is to reduce the water content after preparation, e.g. via extrusion as



reported by Dompé et. al [94]. However, this mechanically reduced water content must be stable on the

time scale relevant to the application; else, swelling will compromise the underwater performance.

future perspectives of dP
soft underwater adhesives

robust adhesion: W, 4, > 100 J.m™2 ;)

controlling water content & viscoelasticity?

injectability + adhesion

responding to external triggers?

bio-based and natural polymers \’

towards multifunctionality?

Fig. 31. The most important challenges and perspectives for soft underwater adhesives based on
weak molecular interactions.

The second perspective for research on soft underwater adhesives is to address the nontrivial
compromise between injectability and adhesive properties (Fig. 31). As discussed in Section 3, the
challenge is often in the conflicting macromolecular designs required for easy injectability and strong
nonlinear mechanical properties. Let us put this into perspective with a simple example. Solutions of
lower MW polymers generally have lower viscosities and should be more easily injectable compared to
solutions of their high MW counterparts (at a given polymer concentration). Meanwhile, lowering the
molecular weight reduces the contributions of the entanglements and the number of weak molecular
interactions (stickers per chain) to the final mechanical properties once the system is in the gel state.
One possibility is to explore systems where the solubility and therefore the size of the (co)polymer is
widely tunable upon an external trigger, allowing significant modification of the mechanical properties
on demand.

In principle, most hydrophobically modified polymers designed with various architectures
(multiblock copolymers, telechelic polymers, or copolymers with random or blocky distributions) [183]
can be made to have efficient underwater adhesive properties. However, their high viscoelasticity in the
preparation (solution) state makes these aqueous formulations difficult to inject. As discussed in Section
3.1.2, one way to potentially circumvent this problem is to use responsive copolymers with a hydrophilic
/ hydrophobic balance that is sensitive to environmental stimuli, namely the temperature. Such stimuli
responsive behavior, which can trigger hydrophobic interactions on demand, can be imagined in
different manners. A potentially interesting approach is to get inspired from responsive thickeners,

initially made of a suspension of dense macromolecular particles, stabilized by intramolecular



hydrophobic interactions. These materials are capable of inducing dramatic changes in the mechanical
properties, going from low-viscosity suspensions to highly viscoelastic hydrogels by turning the initial
intramolecular hydrophobic interactions into intermolecular ones with a change in pH [184], a change
in temperature or the application of shear [183,185]. Of courses these ideas should be explored
considering critical features like the kinetics of the transition process, which promotes the conversion
of hydrophobic interactions from intra- to inter-molecular ones. Another feature is the overall
hydrophilic/hydrophobic balance of the copolymer, which controls the equilibrium swelling behavior

and the final viscoelastic and adhesive properties.

Finally, an important perspective for this field is to transfer the simple design guidelines obtained
from synthetic model systems towards bio-based and natural polymers (Fig. 31). This is important for
several reasons. Many bio-based polymers are potentially less toxic than their synthetic counterparts and
thus safer for the human body and the environment. Some of them also feature other desirable functions
such as antimicrobial properties and or rapid (bio)-degradability. Apart from their potential
multifunctionality, these polymers also raise several fundamental questions. For instance, compared
with synthetic polyelectrolytes typically characterized by flexible chains, charged polysaccharides have
stiffer chains (larger persistence lengths) both due to their bulky repeat units and the presence of charges
[186,187]. These polysaccharides also have lower charge densities, increasing the probability of
compensation by counterions (rather than macroions) in their complexes. The impact of such inherent
differences (between the synthetic models and bio-based polymers) on the physical and mechanical
properties of bio-based coacervates merits further investigation and can foster new developments in soft

underwater adhesives.

Our review of the current literature on soft underwater adhesives quickly revealed that the terms
"hydrophobic" and "hydrophilic" are used to connotate various concepts and properties in an
inconsistent and confusing manner. It is still difficult to propose a quantitative criterion comprehensive
enough to encompass all the underlying distinctions between hydrophilic and hydrophobic adhesives.
Nonetheless, we proposed an equilibrium water content of 20 wt% as a preliminary distinguishing
criterion. We also suggested to further divide hydrophilic adhesives into water-poor and water-rich
systems based on significant differences in the mechanical properties associated with water contents
below and above 60 wt%. Indeed, more work and discussions are needed to refine these criteria. To this
end, future works are highly encouraged to meticulously report the equilibrium water content of their

underwater adhesives.
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