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1. Introduction

Hydrogels for underwater adhesion: adhesion
mechanism, design strategies and applications

Xintao Ma,7? Xun Zhou, 2 Junjie Ding,® Bin Huang,? Puying Wang,? Yi Zhao,? Qiyu Mu,?
Shaohua Zhang,*® Chunguang Ren*® and Wenlong Xu @ *

A hydrogel s a polymer material with a porous network structure, which allows the hydrogel to swell rapidly
underwater without dissolving. This unique property of hydrogels lays the foundation for their application in
underwater adhesion. However, due to the existence of the hydration layer, the interaction between the
hydrogel and the adherend surface is seriously hindered, and the underwater adhesion ability of the
hydrogel is severely weakened. In the past few decades, various hydrogels for underwater adhesion have
been developed, among which the underwater adhesion mechanisms of natural organisms have
provided a steady stream of inspiration for researchers to design underwater adhesion hydrogels. In this
review, we first summarize the adhesion mechanism and design strategies of underwater adhesion
hydrogels, and then introduce the currently common experimental methods to test the adhesion
strength and adhesion toughness of underwater adhesion hydrogels. According to the development
trend in recent years, we summarize the common application fields of underwater adhesion hydrogels.
Finally, we present our views on the challenges of hydrogels for underwater adhesion, and provide an
outlook on future research directions. This review provides a comprehensive overview of underwater
adhesion hydrogels, which will provide rational guidelines for the design and fabrication of underwater
adhesion hydrogels.

in an aqueous medium to achieve bonding, but achieving
adhesion in water is more challenging than in air. When most

Currently, most of the commercially available adhesives can
exhibit high adhesion strength in a dry environment. However,
when working underwater, the adhesive needs to be immersed
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materials are exposed to water, a hydrated layer forms on the
surface, which severely hinders the bonding between the
adhesive and the substrate." In addition, existing polymer
adhesives are subject to water attack in water and can swell to
failure. Therefore, the development of underwater adhesives is
urgent.

As a soft material with a three-dimensional network struc-
ture, hydrogels have been widely used in the fields of
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bioadhesion,** 3D printing,® environmental protection™® and
intelligent regulation.®™ Hydrogels can swell rapidly in water
without dissolving, thus laying the foundation for the applica-
tion of hydrogels in underwater adhesion. Although remarkable
progress has been made in hydrogels for underwater adhesion,
it is still extremely challenging to construct a hydrogel with
stable and durable underwater adhesion. Many marine organ-
isms (such as mussels, sandcastle worms and barnacles) can
tightly adhere to various underwater substrates by secreting
liquid protein glues containing various amino acid residues.”**°
For example, sandcastle worms utilize six secreted adhesion
proteins to achieve underwater adhesion. Inspired by the
underwater adhesion strategies of these marine organisms,
significant progress has been made in the design of various
underwater adhesion hydrogels.”**> However, when the hydro-
gel adheres to the adherend underwater, the contact area
between the hydrogel and the adherend is reduced due to the
existence of the hydration layer, which seriously hinders the
underwater adhesion effect of the hydrogel, so design and
fabrication of underwater adhesion hydrogels face enormous
challenges.”*>*

All the hydrogel systems summarized in this review adhered
to the adherend in the underwater environment. In some cases,
the hydrogels for underwater application were solidified in air
prior to contact with water; these hydrogels also adhere well
when applied underwater, and they were different from those
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summarized in this review. This review doesn't address the
biological applications (such as wound healing, bone adhesion
and hemostatic adhesion) of hydrogels, because the adhesion of
hydrogels to tissues is wet adhesion, and this review focuses on
the summary of underwater adhesion. In this review, we discuss
the adhesion mechanisms, design strategies and characteriza-
tion of hydrogels for underwater adhesion, and then extend our
discussion to the application of underwater adhesion hydro-
gels. In Section 2, according to the steps of hydrogel underwater
adhesion, we first summarize the ways of removing the hydra-
tion layer, including repelling and absorbing the hydration
layer. The interaction between hydrogels and adherends
underwater is demonstrated, which is mainly dependent on
covalent bonds and intermolecular forces, such as hydrogen
bonds, electrostatic interactions, hydrophobic interactions, -
7 stacking, cation-m interactions and metal coordination. The
synergistic effect of these intermolecular forces provides the
hydrogel with stable and long-term underwater adhesion.
According to the underwater adhesion mechanism of hydrogels,
different design strategies are discussed for the gel-type and sol-
type hydrogels in Section 3. Section 4 is devoted to summarizing
common underwater adhesion characterization methods that
may be used to test the adhesion strength and adhesion
toughness of hydrogels. In Section 5, we summarize practical
applications of underwater adhesion hydrogels including
underwater adhesives, underwater motion detection, marine
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resource exploration and underwater coatings. Finally, we
present our views on the challenges of hydrogels for underwater
adhesion, and provide an outlook on future research on
underwater adhesion of hydrogels. We hope that the insights we
have provided can offer inspiration and valuable references for
the design and fabrication of underwater adhesion hydrogels.

2. Underwater adhesion mechanism
for underwater adhesion hydrogels

The key to the underwater adhesion of hydrogels lies in the
removal of the hydration layer and the formation of covalent
bonds/intermolecular forces. In this section, we divide the
current methods of removing the hydration layer into the
repelling of the hydration layer and the absorption of the
hydration layer, which is also the first step of underwater
adhesion. The formation of covalent bonds/intermolecular
forces is then detailed in the second step.

2.1. Hydration layer

In the field of underwater adhesion of hydrogels, the hydration
layer is considered as a water film between the hydrogel and the
adherend, which seriously hinders the adhesion of the hydrogel
to the adherend.*** Therefore, removing the hydration layer is
the first step in underwater adhesion. In this section, two
hydration layer removal methods are introduced and a concise
overview of the research progress of interfacial water removal is
given.

2.1.1. Repelling the hydration layer. Repelling the hydra-
tion layer can be achieved through different scales.* At the
molecular level, the hydrophobic groups can remove the
hydration layer from the interface by hydrophobic interactions
and keep the water away from the contact interface after the
hydrogel adheres underwater. Therefore, hydrophobic solvent
and hydrophobic monomers were usually used for repelling the
hydration layer by hydrogels."***** Spraying a hydrophobic
solvent on the surface of the hydrogel can form a thin liquid
layer, with which the contact angle between the hydrophobic
thin layer and water is small. When external pressure is applied
to the hydrogel, the hydration layer can be destroyed and dis-
charged from the surface of the adherend (Fig. 1A).** In addi-
tion, the hydrophobic thin layer can increase the molecular
mobility of uncross-linked molecules, making it easy to form
covalent bonds or intermolecular forces with functional groups
on the surface of the adherend.** For hydrophobic monomers,
monomers with long carbon chains or aromatic ring structures
are often used to provide hydrophobic interactions.”****” When
the hydrogel is in contact with water, the monomers with long
carbon chains can rapidly aggregate and form a coacervate,
thereby repelling the water molecules on the surface of the
adherend, making the hydrogel and the adherend stick together
through other intermolecular forces without being destroyed by
water.*® The aromatic ring possesses hydrophobicity and the
structure of the aromatic ring endows it with a variety of func-
tional groups, so the monomer with the aromatic ring can repel
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the hydration layer and form covalent bonds/intermolecular
forces by itself.>

The biomimetic microstructure works well in repelling the
hydration layer.*®** The design of the biomimetic microstruc-
ture is inspired by the adhesive disc of the clingfish and the
surface structure of tree-frog footpads, both of which possess
hexagonal microstructures that can quickly repel the hydration
layer. Therefore, the hydrogel and the adherend are in direct
contact, which increases the actual contact area between the
hydrogel and the adherend (Fig. 1B).*®

2.1.2. Absorbing the hydration layer. Compared with the
method of repelling the hydration layer, the method of
absorbing the hydration layer is simple and has lower require-
ments on the design of the hydrogel.** The absorption of the
hydration layer is based on the fact that the hydrogel contains
highly hygroscopic materials, and the moisture on the interface
is absorbed when the hydrogel is in contact with the hydration
layer. Wang et al. dissolved poly(vinylpyrrolidone) (PVP, as
a hygroscopic polymer) in acrylic acid together with a cross-
linker and photoinitiator, followed by in situ photocuring
(IPC) to fabricate a hygroscopic adhesive. Fluorescence perfor-
mance showed that water with fluorescent dye initially stayed at
the interface of the substrate and was finally absorbed into the
hydrogel, which demonstrated that the hydrogel possessed the
ability to absorb the interface moisture (Fig. 1C).** Cong et al.
designed an underwater adhesion hydrogel that was function-
alized by anthracene-based polyethyleneimine with water-
absorbing polyethyleneimine (PEI) as the polymer backbone,
which could promote the absorption of interfacial water mole-
cules and allow the hydrogel to adhere strongly to the
adherend.*?

At present, the treatment of the hydration layer is still a key
issue in the field of hydrogel underwater adhesion. The two
methods of hydrophobicity and water absorption are the
common ways to deal with the hydration layer. In addition,
researchers are working on designing hydrogels at different
molecular levels to treat hydration layers and achieve strong
and reversible underwater adhesion.

2.2. Covalent bonds

Covalent bonds provide hydrogels with underwater adhesion
and cohesion.? For substrates with reactive functional groups
such as tissue surfaces, underwater adhesion can be achieved
by the formation of covalent bonds.******»** The macroscopic
integrity can be maintained due to the existence of chemical or
physical cross-linking inside the hydrogel, so the hydrogel does
not swell excessively and weaken the adhesion when it adheres
underwater, while chemical cross-linking is formed by covalent
bonds.***>** Compared with intermolecular forces, covalent
bonds are stronger, so the underwater adhesion strength is
greater.”’” In this section, the effects of covalent bonds on
underwater adhesion and cohesion are discussed, and the
formation conditions and influencing factors of covalent bonds
are introduced.

Covalent bonds are two or more atoms that use their outer
electrons together, and ideally reach a state of electron

J. Mater. Chem. A, 2022, 10, 11823-11853 | 11825
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Fig. 1

(A) The repelling of hydration layers by hydrophobic solvents.3* Figure reproduced with permission from American Chemical Society. (B)

Hydrogels with hexagonal microstructures inspired by tree-frog footpads that can repel the hydration layers.*® Figure reproduced with
permission from American Chemical Society. (C) Absorption of the hydration layer by a hygroscopic hydrogel.#* Figure reproduced with
permission from American Chemical Society. (D) Underwater adhesion of hydrogels to biological tissues.>* Figure reproduced with permission
from American Chemical Society. (E) The pH dependence of the binding form of the catechol group to titanium dioxide.>® Figure reproduced

with permission from American Chemical Society. (F) The pH dependent stoichiometry of catechol and Fe3*

chelation.®* Figure reproduced with

permission from American Chemical Society. (G) Underwater adhesion-tunable hydrogels fabricated on the principle of reversible photo-

dimerization of anthracene.®® Figure reproduced with permission from A

saturation, thus forming a relatively stable chemical structure.
Covalent bonds are stronger than physical interactions, so
covalent bonds are often used to improve the underwater
adhesion of hydrogels. However, using covalent bonds for
underwater adhesion often relies on specific adherend surfaces
or requires surface modification.*®* The underwater adhesion
of hydrogels to biological tissues is usually achieved by covalent
bonds.>***> Biological tissue surfaces have nucleophiles,
including amines, thiol, and hydroxyl groups, and catechol
groups (including o-quinone groups) in hydrogels can form
covalent bonds with nucleophiles on tissue surfaces, thereby
adhering to biological tissue (Fig. 1D).*® Inspired by the adhe-
sion of mussels, various catechol-functionalized underwater
adhesion hydrogels have been developed. 3,4-dihydroxy-I-

1826 | J Mater. Chem. A, 2022, 10, 11823-11853
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phenylalanine (DOPA) is a catecholic amino acid present in
mussel adhesive proteins which can destroy the hydration layer
and form covalent bonds with biological tissues to achieve
underwater adhesion. Therefore, the catechol moiety of DOPA
has been an inspiration for designing underwater adhesion
hydrogels.>***

Coordination bonds are a type of covalent bond between
hydrogels and metals or metal oxides to achieve underwater
adhesion. It is worth noting that coordination bonds are
reversible, so the coordination bonds not only maintain the
stability of the covalent bond, but also endow the hydrogel with
reversible underwater adhesion properties. In addition, the
binding of coordination bonds is pH dependent. Taking the
catechol group as an example, for a specific metal oxide:

This journal is © The Royal Society of Chemistry 2022
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titanium dioxide, at pH ~ 8, the catechol group will form two
complexes with the titanium ion. A hydrogen bond and a coor-
dination bond are formed at pH ~ 7 (Fig. 1E).>**° Coordination
bonds are much stronger than hydrogen bonds, so the under-
water adhesion strength of hydrogels can be controlled by
adjusting pH. Coordination bonds not only affect the under-
water adhesion strength of hydrogels, but also have a certain
influence on the cohesion of hydrogels. It is also pH dependent,
using the ability of catechol to chelate metal ions, the stoichi-
ometry of catechol and Fe*" chelation changes from less to more
by adjusting the pH from acidic to weakly alkaline (Fig. 1F).*"%
This pH-controlled cross-linking degree can indirectly affect the
cohesion of the hydrogel, so that the hydrogel can be adjusted
to change the mechanical strength according to the actual
situation underwater.>®**¢*

By designing dynamic covalent bonds, the stability of cova-
lent bonds is retained, and reversibility similar to intermolec-
ular forces is obtained. Based on the reversibility of dynamic
covalent bonds, researchers have designed a variety of revers-
ible underwater adhesion hydrogels. Since the photo-
dimerization of anthracene is reversible, Wang et al. designed
a hydrogel with phototunable underwater adhesion, expecting
to reversibly tune the underwater adhesion of hydrogels
through the reversible binding of dynamic covalent bonds
(Fig. 1G).*® The study showed that although UV-vis spectroscopy
detected the recovery of free anthracene groups, the underwater
adhesion of the hydrogel did not return to its original value.*
Therefore, further research is needed to design reversible
underwater adhesion hydrogels based on the reversibility of
dynamic covalent bonds.

2.3. Intermolecular forces

Intermolecular forces include hydrogen bonding, electrostatic
interactions, hydrophobic interactions, - stacking, cation-m
interactions and metal coordination. The bond energy of
a single intermolecular force is weak, but their synergistic effect
is crucial for the adhesion properties of hydrogels.®® The failure
and formation of intermolecular forces caused by external
forces are reversible. The reversibility of intermolecular forces
provides a dissipation mechanism for the hydrogel, which
enables the hydrogel to exhibit high toughness, ductility and
self-healing properties.” A large number of intermolecular
forces provide the hydrogel with excellent cohesion.* In terms
of interfacial adhesion, the reversible nature of intermolecular
forces enables the adhesive to have the ability to adhere
reversibly.?” This section will describe the role of intermolecular
forces in hydrogel cohesion and interfacial adhesion in under-
water adhesion. Table 1 lists the underwater adhesion hydro-
gels reported in the references at the end of this section, which
synergized based on different intermolecular forces to achieve
underwater adhesion to different substrates. Before discussing
adhesion to different materials, it is necessary to understand
the theory that adhesives adhere to materials. Generally,
adhesives adhere to materials by two methods: one method is
that the adhesive penetrates into the rough surface of the
material and forms a “mechanical interlock”. Another method

This journal is © The Royal Society of Chemistry 2022
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is through the interaction of the adhesive with the surface of the
material. Therefore, when we study the adhesion properties of
hydrogels, we should also consider the properties of the surface
of the adherend material, such as smoothness and surface
energy. As a highly active material, the metal itself easily
interacts with the active groups on the surface of the hydrogel,
and although the metal surface is relatively smooth, it also
adheres more easily.® In contrast, glass typically has a lower
surface energy, making it easier to release from the mold after
fabrication.®® Therefore, the adhesion strength of the hydrogel
to the glass surface is low. Similarly, plastics are also a class of
materials with low surface energy,**”® especially polytetra-
fluoroethylene, which adhesives find difficult to adhere to.”* For
wood surfaces, the rough surface provides sites for “mechanical
interlocking”, and the reactive groups on the wood surface also
make it easy for adhesives to adhere to it.’> Finally, when
considering the adhesion of adhesives to biomaterials, elec-
trostatic interactions can be exploited to form the adhesion
because the surfaces of biomaterials are flooded with negative
charges.” In addition, the necessity of hydrogel application and
bioadhesion is to possess good biocompatibility.” In conclu-
sion, it is possible to design a strong underwater adhesive
hydrogel after fully considering the intermolecular forces of the
hydrogel adhesive and the properties of the surface of the
adherend material.

2.3.1. Intermolecular forces in hydrogel cohesion. The
cohesion of underwater adhesion hydrogels can be provided by
intermolecular forces synergistically with chemical crosslinks,”
or by physical crosslinks formed entirely by intermolecular
forces.””® The high bond energy of chemical crosslinking
provides the hydrogel with certain structural strength, but the
covalent bond does not self-heal after breaking. The intermo-
lecular force on the basis of chemical crosslinking can make the
crosslinked network of the hydrogel have certain recovery
properties. Since the physically crosslinked hydrogels formed
by different intermolecular forces are influenced by different
environments, smart adhesion can be achieved by adjusting the
environment. In the underwater adhesion hydrogel, the syner-
gistic effect of the dominant hydrogen bonding, electrostatic
interaction and hydrophobic interaction provides the hydrogel
with excellent underwater cohesion. Changing the number of
different intermolecular force species can affect the mechanical
properties of hydrogels. This subsection will describe the effects
of different intermolecular forces and partial synergies on the
cohesion of underwater adhesion hydrogels.

General polymer hydrogels contain functional groups such
as carboxyl, hydroxyl, and amino groups, which can form a large
number of hydrogen bonds to provide cohesion. In addition,
the introduction of hydrogen bond donors such as poly-
oxometalates” and catechol groups™ into the hydrogel can
achieve hydrogen bond-dominated physical crosslinking. For
example, tungstosilicic acid (SiW) crosslinks hydroxypropyl
methylcellulose through hydrogen bonding.”® Tannic acid
crosslinks polyvinyl alcohol through multidentate hydrogen
bonds.” The hydrogen bond between the catechol-containing
polydopamine chain and SiW increases continuously with the
increase of solvent polarity to achieve crosslinking.** Hydrogen
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bonds formed inside the hydrogel will be destroyed by water
molecules underwater, resulting in a decrease in cohesion.”
Therefore, some design strategies need to be applied in
underwater adhesion to mitigate the effect of underwater
hydrogen bond failure. The underwater cohesion of the hydro-
gel is ensured by introducing metal cations to coordinate and
electrostatically interact with functional groups that can form
hydrogen bonds.* Su et al. introduced AI*" into the hydrogel
system of polyacrylic acid, chitosan and tannic acid to have
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strong electrostatic interaction with acrylic acid and tannic acid,
thereby inhibiting the hydrogen bonding between water mole-
cules and acrylic acid and tannic acid.” Peng et al. introduced
the hydrophobic inner core of PEG-PPG-PEG micelles based on
the formation of hydrogen-bonded crosslinks by Siw, which
provided a second crosslink to strengthen the network. The
synergistic effect of hydrogen bonding and hydrophobic inter-
action effectively strengthens the cohesion of the polymer.**
This synergy was later used in hydrogels with tannic acid as
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a hydrogen bond donor (Fig. 2A).2° Based on the reversibility of
hydrogen bonds, the degree of crosslinking of hydrogels can be
regulated to achieve injectable and tunable smart adhesion. For
example, urea as a hydrogen bond dissociator (HBD) can
dissociate hydrogen bonds, making the hydrogel based on
hydrogen bond crosslinking with injectability after dissocia-
tion. After injection underwater adhesion, the disrupted
hydrogen bond crosslinking in the hydrogel is restored as the
HBD diffuses into the underwater environment, and the
hydrogel will re-solidify.”

Another major intermolecular force is electrostatic interac-
tion. The positive charges in hydrogels that provide electrostatic
interactions are derived from cationic functional groups, posi-
tively charged chain structures and metal cations, and the
negative charges are derived from anionic functional
groups.”®** The electrostatic interaction will not fail due to the
influence of the water environment, and the hydrogel based on
the intermolecular force-dominated cross-linking has excellent
underwater tensile properties. Wang et al. synthesized a hydro-
gel with strong underwater ductility by combining the electro-
static interaction between polyacrylamide, chitosan, 2-
acryloxyethyl trimethyl ammonium chloride and polyacrylic
acid chain with the hydrophobic interaction of octadecyl acry-
late (Fig. 2B),* which can still be stretched 54 times after
reaching the swelling equilibrium. The synergy of hydrogen
bonding and electrostatic interactions provides the most
dominant cohesive force in underwater adhesion,?*”**? and the
amount and ratio of the two intermolecular forces affect the
mechanical properties of the hydrogel. Zhang et al. synthesized
a random copolymer of poly(methacrylatoethyl trimethy-
lammonium chloride-random-dopamine methacrylamide)
(PMD), which contained catechol and quaternary ammonium
salts. PMD non-covalently crosslinks with poly(acrylic acid)
(PAA) chains through hydrogen bonding and electrostatic
interactions (Fig. 2C).** It is found that the hydrogel has higher
tensile properties with the decrease of the PAA ratio, but the
toughness and strength decrease, which is related to the
decrease of the hydrogen bond ratio.*>

Benefiting from the conditions of the underwater environ-
ment, hydrophobic interactions can exist stably in underwater
adhesion. The synergistic effect of hydrophobic interaction was
mentioned earlier when introducing hydrogen bonding and
electrostatic interaction. Micelles can be formed by long hydro-
phobic chains in water, which can provide cohesion through
physical or chemical interaction of cross-linking polymers.*»>**!
The hydrophobic regions of micelles contain dynamic and
reversible hydrophobic interactions, and the hydrophobic
molecular chains in them will rapidly unwind or slip to dissipate
energy when disturbed by external forces, resulting in high
fracture strength and toughness of the hydrogel.* The hydro-
phobic interaction of the polymer side chain hydrophobic groups
caused by solvent replacement increases the cohesion of the
hydrogel (Fig. 2D).** In addition, the hydrophobic segment
endows the hydrogel with a peripheral protective layer that can
effectively prevent polymer dispersion. The hydrophobic inter-
action of the hydrophobic segment and the protective layer
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formed on the periphery of the hydrogel make the hydrogel have
high anti-swelling properties.*®

The emergence of -7 stacking and cation-m interactions
often requires the introduction of m-electron-containing groups
such as catechol structures® and nucleobases® into hydrogels.
They often cooperate with other intermolecular forces to
provide excellent cohesion for the hydrogel. The strength of the
cation- interaction inside the hydrogel will affect its cohesion
strength, and the strength of the cation-m interaction will be
affected by the type of cation, the type of aromatic group, and
the position of the aromatic group and the cationic group. For
example, having cationic groups and aromatic groups in adja-
cent positions on the same polymer chain has an inverse
synergistic effect on the cation—-m interaction,®” and the strength
of the cation-7 interaction will weaken with the hydroxylation
of aromatic hydrocarbons.®® However, the hydroxylation of
aromatic hydrocarbons in polymer hydrogels can form more
hydrogen bonds, so it is necessary to comprehensively consider
the effect of different ratios of intermolecular forces on the
adhesion properties of hydrogels.

Metal cations can be introduced into the hydrogel to coor-
dinate with the hydrogel network to enhance cohesion.
Commonly coordinated metal ions in hydrogels are Ca**, Mg>",
Fe’’, and AI**, and the common functional groups that coor-
dinate with metal ions are carboxyl, hydroxyl, and amino
groups. In addition, the coordination form in the hydrogel is
also related to the protonation of functional groups. For
example, the coordination number of catechol and Fe*" changes
due to the protonation of the phenolic hydroxyl group affected
by pH.* There are high contents of Ca®" and Mg>" in the
seawater environment, which can act as coordinating ions in
the hydrogel. Liang et al. soaked the prepared hydrogel in an
artificially simulated seawater environment, and utilized Ca**
and Mg”* to form coordination with the alginate network, which
further strengthened the cohesion of the hydrogel to make it
anti-swelling.*®

2.3.2. Intermolecular forces in interfacial adhesion. For
interfacial adhesion, the type and properties of the interface
substrate will greatly affect the adhesion caused by intermo-
lecular forces. For example, metal coordination often occurs on
metal surfaces, hydrophobic interactions occur on the surface
of substrates with hydrophobic properties,*” and -7 stacking
and cation-Tv interactions often occur on the surface of skin
tissue.”® Most underwater adhesives have broad adhesion
properties towards inorganic surfaces. Hydrophobic substances
such as oils and fats are contained in skin tissue, but most of
the adhesion groups are hydrophilic and cannot adhere well to
such hydrophobic surfaces as skin tissue.”* In addition, in the
underwater interfacial adhesion, water molecules will also
interact with the adhesion groups to destroy the formation of
non-covalent bonds between the hydrogel and the interface,
thereby weakening the interfacial adhesion.*® Inspired by the
inclusion of dopamine residues in mussel foot proteins, the
excellent adhesion properties of phenolic hydroxyl groups in the
catechol structure have been extensively exploited for under-
water adhesion.'®”® However, the existence of the hydration
layer seriously affects the intermolecular forces between

This journal is © The Royal Society of Chemistry 2022
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catechol and the functional groups at the adhesive interface.**
Therefore, the precondition for the effective interfacial adhe-
sion provided by the intermolecular force of the underwater
adhesive is the ability to remove the hydration layer and to
ensure the effective adhesion of hydrophilic groups.

Although the hydrogel will remove the hydration layer to
enhance the adhesion to the adherend when it adheres under-
water, the hydrogen bond sites that play a role in adhesion will
be disturbed by surrounding water molecules over time,
resulting in the weakening of interfacial adhesion. In addition,
the long-term underwater environment causes swelling effects
on the hydrogels, which lead to the failure of their partial
cohesion and intermolecular forces at the interface. By
observing the law of hydrogel underwater adhesion time and
adhesion strength, we found that the interfacial adhesion
dominated by hydrogen bonds decreased by more than 50%
compared with the highest strength after equilibrium with the
increase of time.”>”** But the equilibrium adhesion strength of
hydrogels containing hydrophobic groups was only reduced by
about 20%."*"* Therefore, the hydrophobic groups protect the
interfacial hydrogen-bonding sites and prevent further swelling
of the hydrogel, which ensures the continuous underwater
adhesion of the hydrogel that adheres underwater. In the
underwater environment, the role of intermolecular forces in
interfacial adhesion can be effectively exerted by introducing
hydrophobic groups. The hydrophobic groups not only
contribute to hydrophobic interactions in the interfacial adhe-
sion of the hydrogel, but also protect the surrounding hydro-
philic groups from the binding of water molecules.”** Han
et al., using hydrophilic acrylamide and hydrophobic stearic
methacrylate (Cyg), sodium dodecyl sulfate (SDS) and Fe*',
prepared an underwater adhesion hydrogel with self-regulating
function to different substrate surfaces. For hydrophobic
surfaces, the hydrophobic layer composed of SDS and C;g units
can directly adhere through hydrophobic interactions. For
hydrophilic surfaces, SDS in the hydrogel can self-regulate its
hydrophilic end to attach to the hydrophilic surface and convert
the surface to hydrophobic properties, thereby enabling adhe-
sion.”” Pan et al. prepared a hydrogel with a hydrophobic layer
on the surface by coordinating polydopamine (DA) and SDS
with Fe*'. DA achieves underwater adhesion to biological
tissues through hydrogen bonding, m-m stacking, cation-m
interactions, and hydrophobic interactions under the synergy of
SDS hydrophobicity (Fig. 2E).** When designing underwater
adhesives, it is necessary to select the appropriate size and ratio
of hydrophobic groups to achieve optimal adhesion perfor-
mance.”* Wang et al. synthesized different polymers by
introducing aliphatic diols with carbon chain lengths of 4, 8,
and 12, respectively. Through experiments, it was found that the
polymers synthesized from aliphatic diols with a carbon chain
length of 8 have the best underwater adhesion properties.
Because the long hydrophobic chain in the adhesive provides
excellent drainage, it can maximize the protection of the
adhesive properties of the hydrophilic group of the adhesive.
Additionally, the length of the hydrophobic chain in the poly-
mer network determines the strength of the hydrophobic
interaction between the adhesive and the substrate (Fig. 2F).*

This journal is © The Royal Society of Chemistry 2022
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Intermolecular force-dominated or cooperative adhesion is
mainly pH dependent. The increase of pH in the underwater
environment will affect the degree of protonation of different
functional groups in the hydrogel, which in turn affects the
adhesion performance dominated by intermolecular forces.
With the increase of basicity, the catechol group easily captures
free radicals and oxidizes to quinones, which leads to the failure
of the adhesion of the phenolic hydroxyl group as the hydrogen
bond donor.”” Carboxyl groups can mainly form hydrogen
bonds and electrostatic interactions, and the ratio of the two
intermolecular forces is also related to the protonation of
carboxyl groups affected by pH. The increase in pH led to
deprotonation of the carboxyl group, which weakened its
hydrogen bonding with other functional groups inside the gel
or with the adhesive interface, resulting in a decrease in the
adhesion performance. In addition, the negatively charged
hydrogels caused by deprotonation of the carboxyl group would
cause electrostatic repulsion with the negatively charged inter-
face to further affect the adhesion. Although the negative charge
of the deprotonated carboxyl group can enhance the electro-
static interaction, the overall adhesion performance of the
hydrogel still decreases compared with the contribution of
hydrogen bonding to the adhesion.*>** Changes in the hydrogel
network hydrophilicity and hydrophobicity caused by the
protonation of functional groups can also affect the adhesion
properties. For example, under acidic conditions, the tertiary
amine groups of the poly(dimethylaminoethyl methacrylate)
(PDMAEMA) units in the hydrogel are protonated, and the
hydrophilic network leads to lower underwater interfacial
adhesion. The deprotonation of the tertiary amine groups on
the PDMAEMA units with increasing alkalinity leads to
enhanced hydrogel network hydrophobicity and thus improved
adhesion.” pH affects the intermolecular forces of hydrogels by
affecting the protonation of different functional groups, which
can play a major role in the regulation of underwater adhesion.

Since many solid surfaces are negatively charged, the adhe-
sion of hydrogels to interfaces in aqueous environments is
improved by electrostatic interactions, where the adhesion
strength can be adjusted by ionic strength.”® Polyelectrolyte
hydrogel adhesives are rich in ionic groups that enable adhesion
through electrostatic interactions in aqueous environments.
However, some polyelectrolyte hydrogel adhesives are affected by
ionic strength in the aqueous environment. Strong interchain
attraction will cause the hydrogel to shrink inside, while strong
interchain repulsion by the osmotic pressure of the dissociated
counterions will cause the hydrogel to swell, both of which lead to
poor hydrogel adhesion.' In addition to polyelectrolyte hydro-
gels, the electrostatic interactions that occur during normal
adhesion are also affected by the ionic strength, which leads to
the effect of hydrogel adhesion in specific environments being
affected. In order to avoid the influence of ionic strength, many
researchers proposed to use cation- interactions to improve
this problem. Gong et al. found that copolymers with adjacent
cation-aromatic sequences can be synthesized by cation-m
complex-assisted radical polymerization, and produce strong and
reversible adhesion to negatively charged surfaces in seawater.>*
It was also found that the aromatic hydrocarbons on the
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copolymers can enhance the electrostatic interaction, even in the
solution environment of high ionic strength, which can have
high electrostatic interaction, opening a way for the development
of adhesives using salt water. Based on the above theory and
inspired by the adhesion mechanism of barnacles, the research
group prepared a cationic and aromatic monomer hydrogel with
aromatic composition."” Due to the interchain - and cation-7
interactions, hydrogels can adhere to different surfaces via
interfacial electrostatic and hydrophobic interactions in an
aqueous environment. Although the ionic strength in the solu-
tion environment will affect the strength of electrostatic inter-
action, with the continuous discovery and in-depth research of
researchers, there will be more and more other methods to
improve it in the future.

3. Design strategies for underwater
adhesion hydrogels

According to the bonding method, various types of underwater
adhesion hydrogels developed in the last decade can be broadly
classified into gel-type hydrogels and sol-type hydrogels. Gel-
type hydrogels are elastic semisolids with a certain
morphology that can adhere directly to wet surfaces through
molecular interactions.'® However, their adhesion underwater
is generally low due to adhesion interface drainage and poor
interfacial contact problems. In contrast, sol-type hydrogels, as
a liquid underwater adhesive, have strong underwater adhesion
due to good fluidity and interfacial contact."”*” However,
conventional sol-type hydrogels have long curing times, and are
difficult to separate as needed for reversible bonding. There-
fore, the development of sol-type hydrogels focuses on the
reduction of curing time and reversible adhesion problems,
while the design of gel-type hydrogels focuses on hydration
layer removal and formation of effective contact surfaces.

Based on the presented underwater adhesion mechanisms,
the design strategy of the underwater adhesion hydrogel will be
a hydrogel designed through these adhesion mechanisms.
These adhesion mechanisms will interact to play a comple-
mentary, additive or even multiplicative role. That is, the
adhesion mechanisms need to be able to complement each
other's functions, overcome shortcomings, and prevent failure.
However, in order to obtain optimal performance, the under-
water adhesion strategy must be designed to match the prop-
erties of the underwater environment in which it is to be
applied, while meeting the requirements of the mechanical
properties of the underwater application.

3.1. Gel-type hydrogels

Gel-type hydrogels are soft solids with a certain morphology
that can adhere directly to moist surfaces through molecular
interactions. This type of adhesive usually exhibits transient
and reversible adhesion. However, hydrogels based on single
molecular interactions usually have a weak adhesion strength
(50 kPa).>* This is due to the fact that the non-covalent inter-
actions at the interface are greatly weakened by the formation of
a hydrated layer. Due to the hydrophilic nature of polymers and
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the presence of highly swollen networks in hydrogels,* it is
difficult to obtain strong adhesion properties of hydrogels
underwater. Water molecules can form a hydration layer on the
hydrogel surface or penetrate into the internal network of the
hydrogel, leading to the detachment of the adhesive layer and
the hydrolysis of the hydrogel polymer network.* In the adhe-
sion mechanism, we summarized in detail the methods for
removing the hydration layer. Among them, at the molecular
level, hydrophobic interactions are constructed by introducing
hydrophobic monomers or solvents™**'** to provide a basis for
underwater adhesion (Section 2.1.1). Then, synergizing with
other non-covalent interactions’ is a general design strategy for
underwater adhesion hydrogels. Hydrophobic interactions play
an important role in regulating the adhesion and cohesion of
the adhesion system (Section 2.3).'** For example, Wang et al.
successfully synthesized conductive gel electrodes based on
bioionic liquids by polymerization of hydrophilic acrylate and
hydrophobic butyl acrylate in an organic solvent (DMSO).** The
hydrophobic aggregation induced by solvent exchange imparts
durable underwater adhesion and swelling resistance to the gel.
During the solvent exchange process, water diffuses into the
organogel and replaces DMSO, leading to the aggregation of
hydrophobic segments in the gel and enhancing the cohesion of
the gel network. Cui et al. combined macroscopic surface
modifications and hydrogels with dynamic bonds to modulate
the arrangement of supramolecular functional groups in
dynamic hydrogels on the surface of the hydrogel, thus enabling
rapid hydrophobic interactions to occur with the surface of the
substrate.’” Thus, the hydrogel is successfully endowed with
rapid and reversible strong adhesion underwater. Moreover, the
poor mechanical properties and lack of functionalization of
conventional hydrogels for underwater applications can be
solved by introducing other non-covalent interactions to extend
the application areas of hydrogels in underwater applications.
For example, Liu et al. reported an underwater adhesion gel
based on the synergy of hydrophobic interaction and hydrogen
bonding adhesion.*® The gel was formed by the copolymeriza-
tion of hydrophobic and hydrophilic monomers and nucleo-
bases with adhesion factors in dimethyl sulfoxide (DMSO)
solvent. The underwater adhesive behavior based on the
strategy of solvent exchange induced hydrophobic aggregation
confers fast bonding to the hydrogel. The strong mechanical
properties of the bonding material are a prerequisite for prac-
tical applications. The hydrophobic interaction and reversible
hydrogen bonding synergistically cross-link (Fig. 3A-C)7**1%¢
the energy dissipation mechanism of the gel, endowing the
hydrogel with outstanding self-recovery properties and fatigue
resistance, greatly extending its application in underwater
environments. Similarly, in marine environments with high
ionic concentrations, electrostatic interactions are usually
introduced to cross-link synergistically with hydrophobic
interactions to form gels with strong underwater adhesion
(Fig. 3D-F).*>'**1%” This type of hydrogel is usually inspired by
proteins containing amino acids secreted by marine organisms
and consists of cations and aromatic sequences. Due to the
strong m-m and cation-7 interactions, both cationic and
aromatic groups play an important role in the cohesion and
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Figure reproduced with permission from American Chemical Society.

(A) Tough P(VI-co-MAAc) hydrogels constructed by solvent exchange to enhance intergroup hydrogen bonding forces.'°¢

. (B) BACT gels constructed by copolymerization of hydrophilic and

hydrophobic monomers in organic solvents.®® Figure reproduced with permission from Elsevier. (C) PEGDA/TA hydrogels constructed by
reversible cross-linking of tannic acid introduced in the covalent network.” Figure reproduced with permission from American Chemical Society.
(D) Underwater adhesion hydrogels with an adjacent cationic—aromatic sequence.*® Figure reproduced with permission from Springer Nature. (E)

Formation of hybrid poly(EA-co-DAC)/STPP hydrophobic hydrogels via

electrolyte monomer-assisted copolymerization and ionic cross-link-

ing.*” Figure reproduced with permission from American Chemical Society. (F) PAAm-co-PUH hydrogels with hydrophobic linkage and t—m
interactions provided by catechol moieties.’** Figure reproduced with permission from American Chemical Society.

adhesion of hydrogels. With the help of neighboring aromatic
groups that break the water layer, electrostatic interactions can
provide strong interfacial adhesion in water. In addition, this
type of hydrogel has excellent mechanical strength and tough-
ness due to the dynamic mw-m and cation-m cross-linking
between the chains.*® In conclusion, hydrophobic interactions
provide the basis for underwater adhesion to form good inter-
facial adhesion and rapid formation of non-covalent interac-
tions at the adhesion interface. Adhesion based on synergistic
interactions between weak interaction types of hydrogels is
usually fast and reversible. Furthermore, the synergy between
different adhesion interactions confers different functionaliza-
tion of the hydrogels for applications in underwater
environments.

In nature, many organisms are able to adapt to complex
water environments by developing micro/nanostructures with
unique functions, for example, the setae of gecko feet, the foot

This journal is © The Royal Society of Chemistry 2022

pads of tree frogs, the hexagonal microstructures of clingfish,
etc. (Fig. 4). Biomimetic microstructures for rapid drainage at
the microscopic scale provide an alternative idea for design
strategies adhesion hydrogels (Section
2.1.1).3839198111 Ingpired by these bioadhesive properties and
structures, many underwater adhesion hydrogels have been
reported. Inspired by the adhesive disc of the clingfish, Rao
et al. obtained hydrogels with fast, strong and reversible

of underwater

underwater adhesion by combining polyamphiphilic electrolyte
hydrogels with dynamic ionic bonding and biomimetic surface
drainage structures.* The hexagonal surface grooves can be
used as a fast drainage channel during underwater contact.
Meanwhile, the multi-amphiphilic hydrogel can form reversible
ionic bonds with charged surfaces (positively or negatively
charged surfaces) and form interfacial bridges with ionic bonds
in the body to effectively dissipate energy during deformation.
Therefore, multi-amphiphilic electrolyte hydrogels based on the
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Fig. 4 Fine structure of typical organisms in nature with special micro/nanostructures and their functional units. (A) The microporous structure
of the inner surface of snails giving them a strong adhesion to human tissues.*** Figure reproduced with permission from American Chemical
Society. (B) Tree frogs flexibly climbing on wet surfaces because their toe pads have protruding epithelial keratinocytes.*® Figure reproduced with
permission from American Chemical Society. (C) Clingfish characterized by ventral annual star discs covered with papillae for underwater
attachment.’® Figure reproduced with permission from American Chemical Society. (D) Geckos relying on specific nanostructures on foot hairs
and van der Waals interactions between foot scrapers and substrate surfaces to produce anisotropic adhesion, resulting in switchable adhesion
behavior.**” Figure reproduced with permission from Elsevier. (E) Loaches using their pectoral and pelvic fins with needle-like setae to form the
suction system.*® Figure reproduced with permission from Elsevier. (F) Tubercles bearing hooks on the jaw sheaths of teleosts that may assist in

mechanical interlocking with the substrates.**® Figure reproduced with permission from Elsevier.

synergistic effect of both bionic microstructural surface engi-
neering and molecular interactions are able to rapidly and
reversibly attach to negatively and positively charged substrates
in water.

In addition to strong adhesion properties, many organisms
are able to accurately control and switch their adhesion
strength. Geckos rely on specific nanostructures on foot hairs
and van der Waals interactions between foot scrapers and
substrate surfaces to produce anisotropic adhesion, resulting in
switchable adhesion behavior."'®"* The octopus relies on
tentacle muscles to control the structural deformation of the
suckers to regulate the pressure between the inside and outside
of the suckers, thus controlling the adhesion strength of the

1836 | J Mater. Chem. A, 2022, 10, 11823-11853

suckers.'*®* Achieving switchable adhesion underwater by
mimicking biologically controlled microstructures is a good
strategy. However, mimicking these microstructures is still
a major challenge because most organisms can control the
microstructure changes by inherent muscle contractions or
secrete some chemically complex substances to control the
switchable adhesion properties. The advantage of this micro-
structure bonding system is that it can be bonded repeatedly
without chemical reactions and chemical residues. The adhe-
sion can also be quickly adjusted by controlling the changes in
microstructure. Inspired by this, Zhang et al combined
temperature-controlled shape memory hydrogels with a surface
structure imitating a tree frog footpad, which facilitated the

This journal is © The Royal Society of Chemistry 2022
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principle of rapid drainage of hexagonal microstructures to
enhance wet adhesion.*® Based on the shape memory effect, the
microstructures were immobilized to the surface of the hydro-
gel. The temperature-controlled surface microstructure enables
reciprocal changes from hexagonal drainage structures to
planar structures, resulting in switchable underwater adhesion,
which is an ideal and indispensable material in many fields. In
addition, the dual physical effects of weak hydrogen bonding
and dipole-dipole interactions can significantly improve the
mechanical properties of hydrogels. Due to the presence of
a large number of hydrogen bonds and dipole-dipole interac-
tions in the hydrogel, an obvious hysteresis loop is formed,
which can effectively dissipate energy, and the hydrogels have
high tensile toughness and self-recovery properties. The
strategy based on bionic microstructure surface engineering
and dynamic bonding is versatile and flexible, and can be
extended to other combinations of surface design materials.
In summary, due to the poor interfacial contact of gel-based
hydrogels, the bond strength of gel-based hydrogel adhesives is
generally weaker than that of sol-type hydrogel underwater
adhesives. For gel-type hydrogels based on weak interaction
synergies, removal of the hydrated layer remains a major chal-
lenge. Although the synergy of hydrophobic and other weak
interactions achieves a certain degree of dehydration at the
molecular level, efficient drainage of interfacial water at the
macroscopic level remains a challenge. The synergistic effect
based on the combination of bionic microstructure surface
engineering and dynamic adhesive toughness hydrogel can
achieve efficient drainage at the microscopic level while
retarding the crack expansion during peeling. This allows for
effective energy dissipation and fast, strong, and reversible
adhesion underwater. This strategy will be an effective way to
improve the adhesion performance underwater in the future.

3.2. Sol-type hydrogels

Sol-type hydrogels are formed by curing a liquid precursor
solution underwater, where interfacial interactions at the
molecular level occur.”* Subsequently, the liquid is polymerized
or cross-linked to form a solid. Sol-type hydrogels generally have
high adhesive strength due to sufficient contact at the molec-
ular level and strong mechanical interlocking, and usually fail
cohesively, indicating that the adhesive strength is much
greater than the cohesive strength.*”'®® However, they require
long curing times compared to gel-type hydrogels and the
bonding is usually irreversible.”* Therefore, the design of sol-
type hydrogel adhesives focuses on shortening the curing time
and forming reversible adhesions that ensure excellent cohe-
sion underwater. Below we have summarized the design issues
for sol-type hydrogel curing structures and design strategies for
reversible adhesion, respectively.

Widely used cyanoacrylate adhesives exhibit strong adhesion
in air, but when used in an aqueous environment, they harden
rapidly, forming a hard plastic layer that eventually leads to loss
of adhesion.”””*' Although commercially available epoxy
resins™ and polyurethanes'® exhibit strong underwater adhe-
sion, they usually require a long curing time. A growing number

123
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of studies on marine organisms capable of secreting adhesion
substances such as mussels, sandbag worms, barnacles, etc.
suggest that liquid curing plays a key role in achieving under-
water adhesion.* In a few cases, special means (e.g., heat,'** UV
radiation,”'** solvent exchange'** and strong oxidants'*®) may
help to achieve relatively stable gelation of liquid hydrogels.
However, they may be greatly limited in their applicability due
to their additional cytotoxicity. Cui et al. designed and synthe-
sized a catechol side-branched hyperbranched polymer gel
(HBPA) with a hydrophobic backbone and a hydrophilic adhe-
sive triggered by water for rapid curing using the mechanism of
hydrophobic interaction to induce spontaneous curing cross-
linking of the adhesive.** When the binder comes into contact
with water, the hydrophobic chains rapidly aggregate to form
co-permeates that replace the water molecules on the adherent
surface, triggering increased exposure of the catechol moiety
and rapid curing underwater to achieve strong adhesion. In
addition, HBPA exhibits reproducible and durable underwater
adhesion. Despite the facilitative effect of catechols on under-
water adhesion, the synthesis of catechol-containing polymers
is difficult to scale up and involves complex functionalization
and/or protection treatments because the catechol moieties are
prone to autoxidation.'*®***'*” Zhao et al. proposed an aqueous
and catechol-free strategy to prepare robust underwater adhe-
sives by using biomass pulping residues lignosulfonate (LS) and
the economic industrial additive polyamide amine-
epichlorohydrin (PAE-CI) to prepare robust underwater adhe-
sives (Fig. 5A)."*® The mixing of LS and PAE-CI solutions, elec-
trostatic complexation and hydrophilic stabilization act
synergistically to induce fluid but water-insoluble adhesives.
The LS-PAE adhesives allow immediate adhesion to various
substrates underwater and undergo spontaneous curing, thus
significantly improving underwater adhesion.

Accelerating the formation of polymers by activating the
cross-linking reaction of hydrogels or using the hydration
process to form nanocrystals to shorten the curing time
provides another idea for the design of sol-type hydrogels.”
Wan et al. synthesized hydrogels with isocyanate-terminated
polypropylene glycol (PPG) and isocyanate-terminated dopa-
mine bis(hydroxymethyl)propionate (DBHP).*> When the
hydrogel is applied underwater, the amino formed by the
reaction of the isocyanate group with water rapidly reacts with
other isocyanate groups to accelerate the cure. Meanwhile, the
bidentate hydrogen bond formed by the catechol group and m—
7 interaction are stronger than those of water to achieve strong
adhesion.**** Due to the polyurethane group's ability to
generate a strong hydrogen domain, the negative effect of
improving the dispersion of water molecules is improved.**° Jia
et al. brought in a polyurethane structure to help the adhesive
eliminate interface water resistance and enhance adhesion. The
free radical polymerization of olefin groups was introduced into
the PU matrix for covalent cross-linking, which greatly short-
ened the curing time."* A combination of covalent cross-
linking, hydrogen bonding and other physical interactions is
an effective way to develop strong underwater adhesives. Huang
et al. developed a PDMS-based adhesive by combining covalent
cross-linking with hydrogen bonding and other physical
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Fig. 5 (A) Catechol-free LS-PAE adhesive with high underwater adhesion achieved by synergistic electrostatic complexation and hydrophilic
stabilization.*?® Figure reproduced with permission from American Chemical Society. (B) Fully cured HDI-PDMS adhesive in water based on
chemical cross-linking and hydrogen bonding interactions, and a schematic of its curing in water for 8 min load-bearing.*** Figure reproduced
with permission from Elsevier. (C) Schematic of the screening and recovery of the interfacial interaction of DOPA under different temperatures.***

Figure reproduced with permission from Springer Nature.

interactions.*® The adhesive can be fully cured under aqueous
conditions and has strong underwater adhesion to various
substrates. After curing for 8 minutes, a weight (2 kg) can be
easily lifted (Fig. 5B)*** with an adhesion strength greater than
47 kPa. Inorganic fillers can also be added, and polymer chains
within the gel are attached to the nanoparticles produced by the
hydration process, acting as a bridge between the polymer
chains and promoting cross-linking."** Zhang et al. mixed
acrylamide, N,N-methylene acrylamide and inorganic filler to
form a nano-composite polyacrylamide (PAM) hydrogel
precursor. The nanocrystals generated by the inorganic fillers
through a rapid hydration process act as physical crosslinking
agents to accelerate gel curing.*

In addition to rapid curing for strong adhesion in an
aqueous environment, adhesive materials that can adhere to
target properties on demand are highly desirable in many
practical applications. Therefore, one of the great challenges in
adhesion science and technology is the development of smart
materials with reversible adhesion properties in an aqueous
environment. But most of the reversible adhesion designs have
focused only on gel-type hydrogels based on molecular inter-
actions. This is because semi-solid gels can rely on switching
the interfacial interactions between the functional groups of the

1838 | J Mater. Chem. A, 2022, 10, 11823-11853

adhering surface and the solid surface to control reversible
underwater adhesion. However, gels often require laborious
pre-modification due to low adhesion strength.'** As another
important form of underwater adhesive, liquid adhesives have
attracted a lot of attention due to their high adhesion strength,
desirable flowability and wide applicability.”* Therefore, many
researchers have worked on the problem of irreversible adhe-
sion of sol-type hydrogels with excellent cohesive strength.
Researchers have greatly improved this problem by exploiting
the dynamic cross-linking of chemical bonds due to the external
environment of the hydrogel (temperature,'** light,>'** etc.) and
the interaction between the hydrogel and the interface. Zhao
et al. exploited the interaction of host-guest molecules and the
adhesive properties of catechol chemistry, as well as reactive
polymers, to screen and activate interfacial interactions on
demand by local temperature triggering only.*** Modulation of
the interfacial interactions is reversibly activated by a simple
temperature trigger (Fig. 5C)."** The adhesion in this adhesive
can be dynamically regulated in a more flexible and faster
manner than if it were controlled by multiple external stimuli.

Accelerating the formation of polymers by activating cross-
linking reactions in hydrogels provides another idea for the
design of sol-type hydrogels. One isocyanate group in

This journal is © The Royal Society of Chemistry 2022
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polyurethane can react rapidly with water to form an amino
group, which subsequently reacts with another isocyanate
group to form a polymeric or cross-linked structure. Xia et al.
proposed a simple and powerful strategy for rapid curing of
mussel underwater adhesives by exploiting the strong under-
water adhesion of catechol groups in mussel adhesion proteins
(MAPs) and the fast curing ability of polyurethane (PU) prepol-
ymers.* They prepared a mussel PU prepolymer consisting of
isocyanate-terminated  polypropylene glycol (PPG) and
isocyanate-terminated dopamine bis(hydroxymethyl)propane
(DBHP). When it is applied for underwater bonding, the isocy-
anate group can react with water at the interface to form
a polymer structure. At the same time, the surface can be easily
immobilized by catechol groups. As a result, fast and strong
adhesion can be achieved. An average underwater adhesive
strength of about 1.2 MPa was obtained on the glass substrate
under underwater conditions with a curing time of only about
30 s. In addition, no organic solvents or cross-linking reagents
are required in this adhesive, which is certainly an advantage in
practice. This fast and strong underwater curing property is
superior to the bonding properties of many other reported
mussel-inspired adhesives. At the same time the underwater
curing process of PUP-PPG-DBHP shows good tolerance to pH,
ionic strength and temperature variations. This adhesive opens
an innovative and convenient way towards a viable solution in
the field of underwater engineering.

To sum up, sol-type hydrogels can achieve high underwater
adhesion at present, but most gel curing still takes several
hours, which greatly limits practical application. The rapid
reaction of polymerization or crosslinking of groups not only
strengthens cohesion and establishes strong interface adhe-
sion, but also realizes accelerated curing, making curing time
controlled in a few seconds or minutes possible. The dynamic
cross-linking of chemical bonds and the interaction between
the interface and the gel provide a solution for the realization of
reversible adhesion. Various design strategies provide feasible
solutions for improving the performance of hydrogels.

4. Methods of testing hydrogel
underwater adhesion

Testing the underwater adhesion of hydrogels is the most basic
way to characterize the underwater adhesion properties of
hydrogels. The test method for adhesion of hydrogels in a dry
environment is also applicable to underwater adhesion. When
testing the underwater adhesion, the hydrogel and the adher-
end are firstly bonded underwater. The adhesion of hydrogels is
usually characterized in two ways: adhesion strength and
adhesion toughness. Adhesion strength is the maximum force
per unit area, while adhesive toughness is the energy required
to separate the hydrogel per unit area from the adherend.®® It
has been reported that the lap shear, tack test and adhesion test
can measure the adhesion strength, while the peel test and
tensile test can characterize the adhesion toughness, and the
five test methods for the underwater adhesion of hydrogels will
be described in the following sections.*

This journal is © The Royal Society of Chemistry 2022
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The lap shear test is a common method for evaluating the
adhesion strength of hydrogels to adherends underwater. In the
lap shear test, a portion of the area of the two adherends over-
laps and can be bonded together by the hydrogel. After the
hydrogel adheres to the adherend underwater, the adhesion
strength can be tested using a universal testing machine in a dry
environment. The test specimens are pulled apart by an applied
external force in a direction parallel to the overlapping area,
resulting in the maximum force required for separation, thus
the adhesion strength is equal to the maximum force per unit
contact area (Fig. 6A).>' Tack test is another method to charac-
terize the underwater adhesion strength of hydrogels, by which
the hydrogel is immobilized on the top of the sensor or on
a substrate in water. By applying a certain external force, the
sensor is bonded to the adherend fixed underwater, after which
the sensor is retracted until the hydrogel and the adherend are
completely detached. The sensor can generate the maximum
force required to retract during the retraction process, and the
adhesion strength is equal to the maximum force required to
retract a unit area of hydrogel (Fig. 6B)."* The texture analyzer
can measure the adhesion strength of the hydrogel through the
adhesion test (Fig. 6C). The adhesion test is similar to the tack
test, while the difference is that the adhesion test fixes the
hydrogel on the chassis of the texture analyzer and the adhesion
strength is characterized by testing the adhesion of the hydrogel
to the spherical probe. The adhesion energy (W,qn) can also be
calculated from the adhesion strength by both the tack test and
adhesion test.®®

The peel test is a common method to test the adhesion
toughness of hydrogels, which can be used to detect the energy
required for the hydrogel to peel off per unit width on the
contact surface. In the peeling measurement, the hydrogel and
the adherend are bonded underwater and then the hydrogel is
peeled off on the object at a certain angle (90° or 180°) by
applying an external force (Fig. 6D). The peel force gradually
increases at the beginning until the applied energy is greater
than the adhesion toughness of the hydrogel, which can be used
to obtain the average peel force of the hydrogel from the
adherend with the reached stable state.”*® When peeling off
highly stretchable hydrogels, a backing layer can be used for
peeling together with the hydrogel to prevent the hydrogel from
breaking during the peeling process, which can limit the
stretchability of the hydrogel.'* For highly stretchable hydro-
gels, when the external force exceeds its own reversible
stretching range, the hydrogel can be damaged and thus affect
the accuracy of the test. The unique feature of the tensile test is
that the adhesion toughness of the hydrogel can be tested
without any external force being applied to the hydrogel. The
hydrogel adheres to a substrate with good ductility is lifted at
one end (Fig. 6E). When the substrate is stretched by an external
force, the hydrogel gradually falls off from the substrate, from
which the energy release rate (G) can be obtained by calculating
the test data.'*

The above five methods are commonly used to test the
underwater adhesion of hydrogels, but these five methods are
usually contradictory; for example, the adhesion strength and
adhesion toughness are not proportional. Each method has
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Fig. 6 Methods of testing hydrogel underwater adhesion: (A) lap shear test, (B) tack test, (C) adhesion test, (D) peel test and (E) tensile test.

different requirements for hydrogels; for instance, the lap shear
test and tack test are more suitable for sol-type hydrogels, while
the adhesion test, peel test and tensile test are more suitable for
gel-type hydrogels. In addition, each method will cause artificial

1840 | J Mater. Chem. A, 2022, 10, 11823-11853

experimental errors to the hydrogel during the actual operation,
which will affect the experimental data. Therefore, the devel-
opment of more sensitive and more objective experimental
methods still needs to be explored.

This journal is © The Royal Society of Chemistry 2022
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5. Applications of underwater
adhesion hydrogels

In-depth research on the adhesion mechanism and design
strategies of underwater adhesion hydrogels has led to the
development and practical application of various underwater
adhesion hydrogels (Fig. 7). This section focuses on the appli-
cations of underwater adhesion hydrogels in various fields.

5.1. Underwater adhesives

Adhesives are widely used in modern society, but with the
development of environmental engineering and industrial
engineering, underwater adhesives have become indispensable
and important materials.®*'*® Because water will affect the
internal cross-linking of the gel during underwater adhe-
sion,**” and the hydration layer will destroy the interaction
between the hydrogel and the substrate surface, influence of
adhesive adhesion.******® Due to the hydrophilicity of tradi-
tional adhesives, they only maintain weak adhesion under-
water, and even lose adhesion. The excellent properties of the
new hydrogels, such as strong and durable self-healing, provide
a feasible solution for the problem of underwater adhesion, and
solve the problem of underwater repair that has long been an
issue. In this section, the achievements of underwater adhesives
in the fields of underwater engineering and underwater repair
are summarized.

In the construction of underwater engineering and water-
based equipment, it is inevitable to rely on adhesives to bond
the structure and parts (Fig. 8A and B).”®*** Once the structure
and function of wunderwater adhesives are damaged,
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inestimable losses will be caused. Underwater adhesives play an
irreplaceable role in underwater engineering because of their
strong adhesion to wood and metal structures.**> Underwater
adhesion engineering requires underwater adhesives with high
adhesion to ensure long-term effective adhesion. Therefore, in
order to meet the needs of underwater adhesion engineering,
researchers prepared a variety of high-adhesion underwater
adhesives based on the adhesion mechanism of marine
mussels.'®3*#1437145 When applied underwater, the catechol-
styrene hydrogel developed by North et al. showed the best
adhesion force of about 3 MPa on an aluminum substrate, and
the excellent adhesion performance on wood, polytetrafluoro-
ethylene and other materials was far superior to many glues on
the market at present.'® The nanocomposite underwater adhe-
sive developed by Pan et al. improved the adhesive adhesion on
glass and wood, which could reach more than 1 MPa.*® With the
strong underwater adhesion of the underwater adhesive to the
substrate, the normal use of underwater engineering and
underwater equipment can be guaranteed.

The lasting stability of an adhesive becomes an important
prerequisite for the application of underwater adhesives in
underwater engineering. When actually applied to underwater
engineering, the ability of an underwater adhesive to effectively
repel the hydration layer is the premise of achieving durable
and stable adhesion (Section 2.1.). In addition, ensuring that
the adhesive will not reduce adhesion due to swelling in water is
the key to achieving a durable and stable adhesion. This helps
maintain excellent mechanical properties in underwater envi-
ronments for long periods of time.” Due to the complex
underwater environment, the adhesive defect is inevitably
caused, which leads to the decrease of adhesive force in

Underwater motion \
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Oil/'Water
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Ship protection

Fig. 7 Various applications of underwater adhesion hydrogels. Figure reproduced with permission from Elsevier and Springer Nature.
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Fig. 8 (A) Adhesives used to bond underwater pipeline interfaces which can ensure a tight bond.” Figure reproduced with permission from
American Chemical Society. (B) Adhesives are used to bond underwater structures.*** Figure reproduced with permission from American
Chemical Society. (C) Self-healing process of the hydrogel, healing at the incision within a short time after contact.” Figure reproduced with
permission from American Chemical Society. (D) Underwater adhesive stopping water and repairing a hole.” Figure reproduced with permission

from American Chemical Society.

practical application. Therefore, how to reduce the impact of
adhesive damage is of great significance to ensure the applica-
tion and engineering stability of underwater equipment. Chen
et al. developed a highly self-healing polyethylene glycol
diacrylate/tannic acid hydrogel using rapid rearrangement of
reversible bonds.” Therefore, when the hydrogel is damaged,
the same hydrogel placed in the original damaged place can be
restored to its original state in a short time (Fig. 8C)™* and
maintain the original excellent performance. The reversible
non-covalent effect based on the network provides great
convenience for repairing defects and avoids unnecessary
trouble caused by tedious operation.**®

Underwater repair is another important field of underwater
adhesive application. Rocks, sand and other materials carried
by fast-flowing water will have a great impact, and cause holes in
the vulnerable parts such as underwater pipelines when they
collide. Based on this demand, adhesives that can achieve rapid
repair came into being (Fig. 8D).” The excellent adhesion

1842 | J Mater. Chem. A, 2022, 10, 11823-11853

performance of an underwater adhesive ensures that it can
effectively prevent leakage and isolate the material inside and
outside the hole from each other. Yu et al. designed a fluorine-
rich ion-rich hydrogel that was applied to a commercial PET
film to create waterproof tape, which could stop leaks when
attached to a leaky plastic bucket underwater.’® On the one
hand, when applied underwater, the underwater adhesive needs
to resist the stresses of the surrounding environment, so the
adhesive should have toughness to reduce the risk of brittle
fracture and secondary contamination.*® On the other hand, the
remaining underwater adhesives can be recycled and reused
after the holes are repaired. Reversible physical adhesion can be
achieved through the reconstruction of various physical inter-
actions between the adhesive and interface. The hydrogel
designed by Wei et al. maintained a stable adhesion after 10
repeated adhesion-peeling experiments, so that the hydrogel
could be reused.” When applied to underwater repair, it not
only reduces the economic loss and environmental pollution

This journal is © The Royal Society of Chemistry 2022
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caused by the leak, but also reduces the expenses caused by
repair.

The durable and stable underwater adhesive developed
through the internal chemical modification of polymers meets
the urgent requirements of underwater applications. The new
adhesive has great significance for future underwater engi-
neering applications and underwater repair. At the same time,
based on the application scenarios of underwater adhesives,
how to develop low-cost, environmentally friendly and biosafety
adhesives still needs to be explored by researchers.

5.2. Underwater motion monitoring

With the improvement of living conditions, more and more
people have begun to participate in swimming, diving and other
underwater activities, and the hazards caused by discomfort in
water are much higher than those on land. In particular, if the
overactive muscles twitch, the swimmer will lose the ability to
move and call for help, and soon drown. It is of great practical
importance to realize real-time monitoring of underwater
motion. Gel-based underwater sensing devices have been widely
used for underwater motion monitoring (Fig. 9A)**” because of
their remarkable biocompatibility and mechanical characteris-
tics similar to human skin, which adheres well to the skin
surface.™® Hydrogel sensors have potential application value in
swimming and diving monitoring.'*” However, in an aquatic
environment, the interfacial adhesion may be weakened by the
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presence of water at the gel-skin interface, leading to potential
end-device delamination and further degradation of data reli-
ability.”® To meet the demand of underwater sensing, ion-
conductive gels with underwater adhesion have been devel-
oped in recent years."*® Interfacial adhesion between human
skin and organic hydrogel electronics is necessary for under-
water motion monitoring. For instance, Niu et al. synthesized
an ion-conductive organic hydrogel based on a gelatin—poly(-
acrylic acid-N-hydrosuccinimide ester) (PAA-NHS ester) back-
bone and a glycerol/water binary solvent system.'** The covalent
bonding between the NHS ester in the gel and the amino group
of human skin ensured that the gel achieves strong adhesion to
the skin even in water. To further optimize the underwater
sensing performance of the hydrogel, the hydrogel was soaked
in LiCl solution to obtain LiCl-loaded PAA based hydrogel (L-
PAA-OH). Taking advantage of its excellent ductility, conduc-
tivity and underwater adhesion, L-PAA-OH was fabricated as an
underwater sensor to monitor various underwater motions in
real time, showing good linearity, high sensitivity and fast
responsiveness.

However, the conductive and sensing properties of conduc-
tive gels can easily be lost gradually in an aqueous environment.
For example, the polymer chains present in hydrogels readily
swell by absorbing water molecules, which can lead to the
failure of the gel structure, resulting in unstable sensing
performance.” In fact, a great deal of effort has been devoted to
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Fig.9 (A) Schematic diagram of the hydrogel sensor for underwater motion monitoring. Various repeated mechanical deformations of pressure,
bending, and stretching in water, dodecane, and air were accurately monitored and reflected by the stable and continuous monitoring signal.**”
Figure reproduced with permission from American Chemical Society. (B) Schematic diagram of BACT gels uses for bioelectric monitoring (ECG
and EMQ) in the underwater environment. The ECG signals recorded by the BACT gel electrode in the underwater environment during the
movement of the wrist. The illustration shows different ECG waveforms produced by BACT gel electrodes at different motion angles.®®

Figure reproduced with permission from Elsevier.
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solving the problem of the swelling of hydrogels, and some
useful methods have been developed recently, such as solvent-
exchange strategies,**”****>> high-crosslinking densities'”*3*%*
and hydrophobic modification.>”*** For example, Deng and Cui
et al. have demonstrated a class of dynamic hydrogels through
the Fe**-induced self-hydrophobization process, which endows
hydrogels with superior underwater stability and adhesion.*”
These specifically designed anti-swelling hydrogels via hydro-
phobic modification or other strategies can undergo long-term
immersion in water. Moreover, the conductive ions in the gel
will be lost by diffusion in an aqueous environment, resulting in
a gradual loss of conductivity and sensing ability.>* Therefore,
giving ion-conductive gel materials the necessary anti-ion loss
capability is of great significance for achieving long-term stable
motion monitoring of ion-conductive gel materials underwater
and developing wearable underwater sensing technology.
Recently, Wei et al. developed a fully hydrophobic ionic liquid
gel material with long-term stability underwater by exploiting
the diffusion barrier function of hydrophobic interfaces for
water molecules and conductive ions.* In the aqueous envi-
ronment, the hydrophobic polymer network on the surface of
this gel aggregates under hydrophobic action to form a dense
hydrophobic interface, which can effectively block the diffusion
of water molecules across the interface. Based on the excellent
sensing performance and underwater adhesion performance of
the fully hydrophobic ionic liquid gel, the gel sensor can not
only be attached to the joints of the human body to achieve real-
time monitoring of human swimming status (swimming
posture, stroke frequency, breathing status, etc.).'*"**® The
recyclability of gel underwater sensing devices can be further
achieved by introducing nanomaterials (metal nanoparticles,
graphene,’” " etc.) into the gel matrix for the synthesis of
nanocomposite gels. A nanocomposite hydrogel can form
a hydrated layer on the outer surface of the hydrogel. Therefore,
it has extremely low protein adsorption capacity, which can
effectively reduce bacterial adhesion.’® Thanks to the non-
swelling and anti-fouling properties, the nanocomposite
hydrogel can maintain high mechanical strength and sensing
performance after 30 days of immersion in water. And it can
accurately monitor the submerged fine and huge movements
and realize the recyclability of sensing devices.

In addition to real-time underwater motion monitoring by
means of transmitting relative resistance changes, underwater
real-time electrocardiogram (ECG) monitoring by means of
monitoring underwater vital signs such as respiration rate,
blood pressure, and cardiac status is another means of under-
water motion monitoring (Fig. 9B).>* Similarly, such a gel device
capable of monitoring ECG signals underwater would need to
overcome the problems of low adhesion and reduced electrical
conductivity of conventional commercial gel electrodes under-
water.” Recently, Ji et al. fabricated a waterproof gel electrode
for underwater ECG signal monitoring using an ion-conducting
dopamine polymer.'** The stable underwater conductivity and
strong adhesion to the skin enabled the electrode to collect
reliable ECG signals under various conditions in water. The
wearable device combined with the waterproof electrodes can
acquire ECG signals in real time during swimming, which can
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be used to reveal heart conditions. The researchers collected
ECG signals by adhering the gel electrode device to the human
chest underwater and transmitting the signals wirelessly to
a mobile-only app. With this setup, ECG signals were recorded
before, during and after swimming. The variability of heart rate
can be used to warn underwater exercisers of a potential risk of
heart attack. In addition, the gel electrodes can be easily peeled
off without leaving any residue on the skin and can be reused.

The most important reason why a hydrogel can be an ideal
material for underwater motion monitoring is the good
coupling with the human skin interface. In the field of under-
water motion monitoring, the construction of underwater
adhesion hydrogels with high sensitivity and long-term stability
will be the focus of future research.

5.3. Marine environmental exploration

The ocean is a huge and mysterious treasure, and people never
stop exploring and developing it. Diving is one of the most
important ways to explore the ocean, but the complex and ever-
changing underwater environment harbors various dangers,
even threatening the divers' lives. The difficulty of underwater
communication makes it difficult for divers to seek help in time
when they encounter unexpected situations, further increasing
the risk of marine environment exploration. The development
of wearable sensing and communication technologies for
underwater use, real-time monitoring of the diving process and
efficient underwater communication will help to improve the
efficiency of marine exploration and ensure the safety of
underwater operations. Previously, some underwater sensing
hydrogel devices applied to underwater motion monitoring
have been developed.'®>'®* In practical applications, ionic gel
sensors are considered to work stably underwater. Based on
their strong underwater adhesion and stable sensing perfor-
mance, these ionic gel sensing devices allow for unobstructed
underwater communication in addition to underwater motion
monitoring. The good coupling of the gel to the human skin
interface and the stable conduction of resistance changes
provides a simple and easy-to-implement idea for underwater
communication. By adhering the gel sensor to the human
throat area, researchers were able to accurately identify
repeatable signals emitted by voice (Fig. 10A)."*” In addition, the
sensing device is able to clearly distinguish the signals emitted
by different voices."”"*** In the event of a diver encountering an
unexpected situation, the hydrogel sensor can send a timely
distress voice. Unlike the detection of speech signals, Wei et al.
established a novel underwater communication mechanism
based on finger joint bending sensing by combining the
developed ionic gel skin sensor with the coding principle of
Morse code.*® That is, the large and small bending amplitudes
of the finger joints correspond to the long and short message
numbers of Morse code, respectively (Fig. 10B)."* Thus,
a wearable underwater transmitter that can be used for under-
water communication is constructed. And the underwater
sending of messages was initially realized. It is expected to
facilitate underwater detection by providing a practical means
of underwater communication. In addition to deformation-
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Fig. 10

(A) Schematic diagram of a hydrogel sensor monitoring human voice signals.**’” Figure reproduced with permission from American

Chemical Society. (B) Schematic diagram of the hydrogel sensor showing communication through Morse code in the aquatic environment.*¢*

Figure reproduced with permission from Elsevier.

based signal changes, contactless sensing and information
transfer can also be achieved by gel sensors. Yu et al. placed gel
sensors underwater, and by rhythmically touching the water
surface with their fingers and recording different combinations
of dashes and dots, information was effectively transferred.'*®
The intrinsic mechanism of non-contact sensing is to change
the pathway of electron transfer, transferring part of the elec-
tron transfer pathway from the sensor to the body, which in turn
changes the ground resistance measured by the sensor. Ulti-
mately, non-contact sensing and information transfer between
the hand and the sensing device is achieved. It is worth
mentioning that this sensing mechanism is based on the
excellent sensing performance and strong adhesion of the gel
underwater. In addition, the non-contact sensing mode gives
the gel sensor excellent fatigue resistance, showing great
potential in the field of covert information transmission in the
marine environment. The fully hydrophobic ionic gel demon-
strates excellent underwater sensing and communication
performance in potential marine applications and provides
a simple and effective pathway towards next-generation
communicators.

At the same time, there has been increasing interest in the
exploration and exploitation of the ocean due to its rich
resources and biodiversity. The softness, stretchability and
biocompatibility of gels have been exploited to develop a variety
of gel sensors that can sense stimuli and transmit

This journal is © The Royal Society of Chemistry 2022

information.****® These hydrogel sensors have shown great

potential in the field of marine biology research. For example,
the developed nanocomposite gel sensor was attached to the
oscillating parts of marine animal models such as the tail of
sharks by Li et al. and was used to monitor their movements in
simulated seawater.'® The gel sensor can clearly distinguish the
sensing signals of various motions such as swimming,
paddling, and feeding of the marine animal model, enabling
accurate monitoring of various continuous and complex
motions of underwater animals. Moreover, by identifying the
intensity and frequency of the signals, various swimming
patterns of marine organisms can be evaluated, including
resting, slow swimming, fast swimming, leaping out of the
water, and making a right turn and left turn. More importantly,
this nanocomposite gel has a strong inhibitory effect on the
adhesion of proteins and bacteria, slowing down the formation
of biofouling films, and greatly extending the service life of the
gel sensor. Through model motion tests and seawater simula-
tions, the gel sensors with excellent underwater adhesion
performance, stable sensing performance and tensile resistance
have fully demonstrated their great potential in tracking the
habits of marine organisms. However, the ecological safety of
some gel sensors needs further study, especially in deep-sea
environments under high pressure.

Most of the pollution in the ocean comes from human
activities, including oil spills, garbage dumping, and domestic
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and industrial wastewater discharges.'®*”* The oceans have
a considerable impact on the global climate and ecosystem.
Although the ocean has a strong self-healing ecosystem, it takes
a long time to recover. Therefore, a comprehensive monitoring
of the state of the marine environment, especially how human
activities affect marine ecosystems, is essential. Recently,
a highly resilient, durable, ultra-sensitive ionic gel skin sensor
(MIS sensor) based on micro-nanostructures capable of moni-
toring water wave vibrations was reported.’®* With the well-
designed surface structure, the synthesized MIS sensor had
excellent flexibility and high sensitivity, which can be attached
to human motion joint parts to monitor subtle human motion.
More importantly, the sensor had outstanding stimulus
response and recognition of multiple stimuli in underwater
conditions, which was used to monitor water wave vibrations in
real time. The MIS sensor exhibits stable and excellent sensing
performance for different frequencies of water waves, and this
unique property made the MIS sensor applicable for the
monitoring of wave motion at the sea surface. This provides an
idea for the development of sensing devices for ocean moni-
toring. The ocean is rich in biological and mineral resources,
and good marine environment monitoring technology is an
important technical guarantee for the development of marine
resources. In the future, underwater adhesion hydrogel mate-
rials are expected to be ideal underwater sensing materials for
the development of marine resources. Synthesizing an under-
water sensing gel that can conduct stably for a long time and
achieve reliable real-time transmission of data will play a very
important role in human understanding of the ocean, early
warning of catastrophic climate, and environmental protection.
Underwater adhesion hydrogels are used as an ideal under-
water sensing material to synthesize underwater sensing
devices for different application scenarios. These underwater
sensors are equipped with submersibles that can sense under-
water at a large and accurate range. Furthermore, the develop-
ment of sensor technology will be modified and optimized
according to the needs of marine development. We summarize
the application scenarios of underwater adhesion hydrogel
sensors in different fields such as underwater motion moni-
toring, underwater communication, and marine environmental
exploration. Underwater adhesion hydrogel sensors demon-
strate excellent sensing and communication performance,
providing a simple and effective idea for the development of
next-generation wearable underwater sensors and communi-
cators. More notably, the underwater adhesion hydrogel
sensors are expected to provide marine environmental moni-
toring technology and show great potential in the field of
marine resource exploitation.

5.4. Underwater coatings

In the past hundred years, the illegal discharge of industrial oily
sewage and the frequent occurrence of marine oil spills have
caused huge losses to the marine ecological environment and
the economic development of the underwater construction
industry. The development and application of underwater
coatings has received more and more attention and has become
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a feasible strategy to deal with the above situations. With its
excellent underwater adhesion, oil resistance and anti-
biological protein, underwater coatings shine in the fields of
underwater building protection and oil/water separation."’>*7*
In this section, the advantages of underwater adhesion coatings
in the fields of underwater building protection and oil/water
separation are summarized in detail, and based on various
excellent properties of underwater coatings, a concise overview
of the research progress of underwater coatings is given.

As one of the important aspects of underwater building
protection, ship protection has high performance requirements
for underwater protective coatings. The conventional coating
method is to directly coat the prepared underwater coating on
the hull, which results in a low adhesion strength of the
underwater coating, so it cannot resist the erosion of seawater
and the impact of wind and waves. In recent years, researchers
have used LBL self-assembly technology to coat the components
of the coating layer on the hull (Fig. 11A)."”® This technology not
only improves the adhesion of the coating, but also makes the
coating have the mortar structure and high surface energy of
pearl shells (Fig. 11B),"”® so that the hull can resist the corrosion
of oil pollution and the impact of waves in the sea. Some
coatings have super strong underwater adhesion and the
internal network is dense and compact (Fig. 11C), which
prevents the occurrence of ship oil spills from the source, and
indirectly protects ships from oil pollution, which can be used
in the field of ship leakage prevention."”” When faced with harsh
underwater environments (high content of acids, alkalis and
salts), the adhesion properties of underwater coatings can be
severely damaged, causing peeling phenomena, exposing ships
to harsh environments and accelerating ship corrosion. There-
fore, coatings that can survive in harsh environments have been
developed,'””*® and they can still show excellent adhesion and
oleophobic properties in harsh environments to protect ships.
The vigorous development of the shipping industry in various
countries has widened the scope of maritime transportation
with the characteristics of spanning latitudes and wide regions.
Lower ocean temperatures at high latitudes may cause the
coating to freeze, which may affect the underwater adhesion of
the coating and accelerate the peeling of the coating. Therefore,
coatings with ice resistance were developed.'" This effectively
expanded the application range of underwater adhesive coating
in the field of hull protection.

Since metals were discovered and used, metal corrosion has
become one of the causes of resource depletion.*®*'®* In recent
years, the green concept has gradually penetrated into the
hearts of people around the world. Offshore wind power
generation is one of the important sources of clean energy, due
to which the anticorrosion of metal and the metal anticorrosion
of power generation equipment have also received attention.
Among them, since the underwater zone is immersed in water
for a long time and the intermediate transition zone is in close
contact with water, the metal corrosion protection of the two is
particularly important. Due to the strong adhesion and high
pull-out strength of the coating, it is not easy for it to fall off and
break when it adheres to the metal surface. The coating can
prevent contact between seawater and metal, and has favorable
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Fig. 11 (A) LBL self-assembly technology used to layer self-assembly coatings onto the hull.*”® Figure reproduced with permission from Elsevier.
(B) Imitation pearl mortar structure.*’® Figure reproduced with permission from American Chemical Society. (C) The presence of hydrogen bonds
densifying the network of underwater coatings.*”® Figure reproduced with permission from Elsevier. (D) Practical application of underwater
coating in oil/water separation.’”® Figure reproduced with permission from American Chemical Society.

anti-corrosion performance.’® Furthermore, Gu et al. found
that incorporating multiwall carbon nanotubes into polyester
coatings not only imparts properties to the coated metal against
corrosion, but also imparts sound-absorbing properties,***
which may contribute to ocean noise reduction in the future,
when sticking it to various objects underwater.

Disposal methods of traditional oil absorbent materials with
porous structures (such as foam, sponge, etc.) after use, such as

This journal is © The Royal Society of Chemistry 2022

incineration and landfill, will cause environmental pollution.
The method by which the coating adhered to the metal mesh is
environmentally friendly,'****® because the main component of
the underwater coating is safe, green and non-toxic. At the same
time, due to the excellent water retention of the constituent
materials constituting the coating, the retained water will
reduce the contact area between the oil and the interface,
enabling oil/water separation in the solid/water/oil three-
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phase.*® Once the underwater coating is applied to the metal
mesh, only water is allowed to pass through the coating and the
metal mesh, and since the density of water is greater than that
of oil, the oil/water mixture can be separated only by gravity.
This solves the problems of oil clogging and low separation
efficiency when simply using interface materials with special
wettability for oil/water separation (Fig. 11D)."”***° The strategy
of applying the underwater coating to the metal mesh
undoubtedly opens up a new idea for the field of oil/water
separation.

In addition, in the process of oil/water separation, because
the conditions in some industrial oil-containing wastewater are
not mild, and involve high temperature and other harsh envi-
ronments, adhesion of the underwater coating will be adversely
affected and the coating physically damaged. Therefore, it is
necessary to prepare underwater coatings with excellent
underwater adhesion properties, mechanical properties and oil/
water separation ability to adapt to harsh environments. This
will reduce the condition requirements for oil/water separation
and simplify the oil/water separation.”“'**> However, some
harsh environments, such as high content of acid and alkali
salts, will cause certain damage to the operator. Therefore, if
a stimuli-responsive polymer is introduced into the coating, it
can realize remote-control adjustment under its corresponding
stimulation conditions (such as magnetic field, electric field,
pH, light, heat, etc.).**”*#>1*1%3 The intelligence of the under-
water coating for oil/water separation improves the expected oil/
water separation effect under certain conditions.

Underwater adhesion is a prerequisite for the application of
underwater coatings in the fields of underwater engineering
and oil/water separation. Since underwater equipment and
underwater engineering are in a complex underwater environ-
ment, the stable adhesion of the underwater coating can ensure
their normal operation. Due to the precision of oil/water sepa-
ration work, the coating needs to tightly adhere to the metal
mesh to achieve precise separation of oil and water. So far,
underwater coatings with various properties, such as sound
absorption, noise reduction and intelligent response, have been
developed and applied, and innovative new underwater coat-
ings have also relieved people's work. At the same time, the
underwater adhesion performance of the underwater coating
still needs to be improved, and the underwater coating with
long-term stable adhesion performance can be used for a long
time under the condition of long-term water scouring.

6. Conclusion and outlook

The past decade has witnessed a paradigm shift in the field of
synthetic underwater adhesion hydrogels due to the detailed
research on the underwater adhesion mechanism of hydrogels.
In this review, we provided a comprehensive and systematic
summary of the mechanisms of underwater adhesion hydro-
gels. We briefly outlined methods to enhance underwater
adhesion by removing the hydration layer at the molecular and
microscopic levels, but efficient drainage of interfacial water at
the macroscopic level remains a challenge, especially when
bonding large areas. In addition, the effects of forming covalent
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bonds and intermolecular forces on interfacial adhesion and
hydrogel cohesion were presented in comparison. Although the
former is stronger than intermolecular forces, the construction
of dynamic covalent bonds and reversible adhesion properties
are still important issues to be addressed. We have considered
the problem of failure of various intermolecular forces under-
water by the disruption of the hydration layer. Based on the
proposed underwater adhesion mechanism, the various types of
underwater bonded hydrogels we have developed over the last
decade are broadly classified into gel-type hydrogels and sol-
type hydrogels according to the bonding mode. The design
strategies for the different types of hydrogels are summarized in
detail based on the different challenges faced in underwater
adhesion. For example, for gel-type hydrogels, the key issues of
underwater adhesion are hydration layer removal and forma-
tion of an effective adhesion interface. Then based on the
proposed adhesion mechanism, robust and reproducible
underwater adhesion of hydrogel can be achieved by organically
combining various methods of hydration layer removal at
different levels with the formation of chemical bonding or
intermolecular forces. For underwater adhesion guided by
bionic microstructures, the preparation process involves
complex fabrication and structural design. Typical fabrication
methods for artificial underwater adhesion hydrogel surfaces
include photolithography, 3D printing and etching, but fabri-
cation methods and special mechanism design are difficult to
master. The mechanism of biological surface structure needs to
be further explored, and the design of original biological
models is needed to improve its underwater adhesion perfor-
mance. In addition, high-precision measurement instruments
need further research to further reveal the biological adhesion
structures and potential adhesion mechanisms. In the future,
a strategy combining the introduction of microstructure and
a molecular level adhesion mechanism will be an effective way
to improve the adhesion performance. As for sol-type hydrogels,
the curing time can be shortened by introducing external
stimuli (light, temperature, pH, and solvent strategies) and
reversible adhesion can be achieved by introducing dynamic
cross-linking mechanisms. Meanwhile, for two different types
of hydrogels, we summarized five different test methods for
characterizing the underwater adhesion of hydrogels. Among
them, the lap shear test and tack test are more suitable to sol-
type hydrogels, while the adhesion test, peel test and tensile
test are more suitable to gel-type hydrogels. However, it should
be particularly noted that there are significant differences in the
magnitude and units of adhesion strength in different studies,
and there are human experimental errors during different test
operations. Therefore, this review calls for the development of
experimental suites with protocols for underwater adhesion
measurements. The key to the design of future underwater
adhesion hydrogels is the removal of the hydration layer and
following multiple design principles, and to achieve this goal,
the characterization of the interface between the adhesive and
the underwater substrate is crucial. Experimental techniques
such as ATRIR, sum-frequency generation spectroscopy, inter-
ferometry and ODNP are currently available to characterize the
buried adhesive interfaces. However, characterizing the
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interface between hydrogels and submerged surfaces has been
a huge experimental challenge due to the paucity of research in
this area, and there is an urgent need to develop simple
microscopic tools to characterize the contact of submerged
hydrogels. Furthermore, we believe that a deeper under-
standing of the underwater mechanism is needed not only from
a chemical point of view, but also from mechanical and physical
points of view.

Excellent underwater adhesion properties are a prerequisite
for hydrogel applications in many fields such as underwater
adhesives, underwater motion monitoring, marine environ-
mental exploration and underwater coatings. In order to obtain
optimal performance, hydrogels must be given different prop-
erties to match the characteristics of the underwater environ-
ment in which they are to be applied: electrical conductivity for
water-based electronics, stimulus responsiveness for under-
water sensors, non-toxicity for marine environmental explora-
tion, and long-term stable adhesion properties for underwater
coatings. Low cost, environmentally friendly materials and
simple mass production should be considered in the design
and manufacture of new underwater adhesives. In the coming
years, we expect that underwater adhesion hydrogels will
become important tools for underwater soft robots, water-based
energy devices, underwater strain sensors, and marine envi-
ronmental exploration.
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