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Abstract
Inspired by ocean organisms, scientists have been developing adhesives for application in the marine environment. However,
water and high salinity, which not only weaken the interfacial bonding by the hydration layer but also induce the
deterioration of adhesives by erosion, swelling, hydrolysis, or plasticization, are detrimental to adhesion, resulting in specific
challenges in the development of under-seawater adhesives. In this focus review, current adhesives that are capable of
macroscopic adhesion in seawater were summarized. The design strategies and performance of these adhesives were
reviewed based on their bonding methods. Finally, some future research directions and perspectives for under-seawater
adhesives were discussed.

Introduction

The application of adhesives plays a crucial role in the
exploration and utilization of marine resources. Many
marine applications, such as underwater sonar equipment,
protective/antifouling layer coatings, and offshore struc-
tures, require under-seawater adhesives [1–3]. Early studies
in this area mainly focused on the effect of seawater on the
strength aging of epoxy-based and polyurethane-based
adhesives [4, 5]. In these studies, bonding joints were
generally first prepared in air and then immersed in (artifi-
cial) seawater to study their long-term stabilities. However,
with the development of science and technology, applica-
tions in some emerging fields require adhesives to be
directly applied under-seawater, for example, in the case of
under-seawater repair, marine cultivation, ocean animal
health care, electronic devices, marine robots, and so on
(Fig. 1) [6, 7].

However, achieving strong interfacial bonding in sea-
water is challenging [8–10]. First, water and hydrated ions
are strongly associated atop the surface of the substrate in
seawater and impede the molecular contact of the adhesive
and substrate. Second, the high-ionic strength of seawater
(Table 1) dramatically weakens interfacial interactions, such

as electrostatic interactions and dispersing forces, which
prevents molecular-level bonding between the adhesive and
the substrate [11–14]. Moreover, water droplets can be
trapped at the interface, which reduces the real contact area,
and such a phenomenon is particularly pronounced for soft
tape-type adhesives [15–17]. In addition, the long-term
exposure of submersed bonded joints results in the diffusion
of water and salt into the adhesive, causing the swelling,
erosion, degradation, or hydrolysis of adhesives, conse-
quently leading to adhesive/cohesive failure. These effects
become more significant in real applications due to the
nonstatic conditions of the marine environment. For
example, variations in temperature and hydraulic pressure
and the scour of seawater are particularly detrimental to
adhesion [7, 18, 19]. Notably, compared with adhesion
under pure water, adhesion under-seawater is more difficult;
the high concentration of salt ions in seawater further
increases the difficulty of interfacial bonding and accel-
erates the deterioration of existing adhesion. Therefore, the
development of adhesives used in seawater remains a huge
challenge.

In contrast to the failure of man-made adhesives in water,
successful underwater adhesives have been wonderfully
demonstrated in nature [10, 20, 21]. Distinguished examples
include mussels and barnacles, which use adhesive proteins
to attach to wet rocks to resist the scour of seawater, and
octopuses, whose arms have suckers that allow them to
capture prey in the sea [22, 23]. Inspired by these unique
adhesion strategies, the development of underwater adhe-
sives has come a long way in the past decade. To date,
various underwater adhesives have been fabricated by using
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diverse strategies, which have been summarized in several
excellent reviews [24–30]. Nevertheless, few studies have
been conducted that focus on their adhesive performance in
seawater, and a review of the related topic has yet to be
produced.

In this focus review, I summarized the currently reported
adhesives that can directly adhere to substrates under
(artificial) seawater/high-salinity water. Based on their
bonding methods, the adhesives were classified into glue-
type and tape-type adhesives. An overview of the devel-
opment and performance of typical examples was provided.
In addition, some perspectives for under-seawater adhesives
were discussed. It should be mentioned that this paper only
reviewed the adhesives that were applied on a submersed
substrate and cured in seawater/saline water without a
drying process in air.

Under-seawater adhesives

Similar to underwater adhesion, achieving strong under-
seawater adhesion also requires three steps. The first and

most important step is the removal of the hydration and salt
ion layer of the substrate. Recent studies have found that
cationic groups can clear surfaces of bound salts and that
hydrophobic groups can breakdown the hydration layer to
“dry” the underwater surface, making way for adhesion
[13, 30, 31]. In addition, using water-absorbing fillers and
pattern surfaces for water drainage has also been proven to
effectively remove surface water [17, 32, 33]. Following the
breakdown of the hydration layer, strong interfacial bonding
should be achieved. Since the target adherents used in
seawater are usually metals, glass, plastics, etc., non-
covalent interactions (hydrogen bonds, electrostatic inter-
actions, hydrophobic interactions, ion-dipole interactions,
etc.) and physical suction are the general adhesion
mechanisms [29, 34–36]. The other key to strong under-
water adhesion is the tough mechanical strength of bulk
adhesives, which prevents fast crack propagation during the
debonding process. Particularly for under-seawater adhe-
sives, adhesive joints are generally sustained by constant
loading originating from the complex dynamic environment
in the ocean. Therefore, antifatigue properties are essential
for long-term adhesion. The basic design principle for
toughening is introducing dissipation energy systems in the
polymer network by using, for example, dynamic bonds or
multiple networks [37–39]. In addition, due to the harsh
environment in the ocean, adhesives are required to possess
anti-erosion and antiswelling properties for long-term
stability.

Based on their bonding method, the current under-
seawater adhesives can be classified into glue-type and tape-
type adhesives. The former is a liquid that needs to be
solidified to glue the joint, whereas the latter is a soft solid
material that can directly adhere to the substrate. The fol-
lowing sections review the current adhesives that can be
used in artificial seawater or water with high salinity in
terms of glue and tape systems.

Glue-type adhesives

Glues are a kind of liquid adhesive that require a solidification
process to achieve adhesion. The current under-seawater glue
mainly includes organic solvent-based polymer glue and
water-borne coacervate glue. In general, glue is applied
between two adherents that are immersed in seawater. Then,
the joint is maintained in seawater for a particular time (hours
to days) under external pressure to allow the glue to fully cure.
The curing processes are mainly based on the polymerization
of monomers and crosslinking of polymers through the for-
mation of chemical bonds and/or physical interactions. Cur-
rently reported glue-type under-seawater adhesives and their
adhesion performances are listed in Table 2.

Catechol-based polymer solutions are typical glues that
have been widely studied since the catechol group has

Fig. 1 Applications of adhesives in the marine environment

Table 1 Major components in seawater [69]

Ionic constituent [g/kg of seawater] [moles/kg of seawater]

Chloride 19.3524 0.54586

Sodium 10.7837 0.46906

Magnesium 1.2837 0.05282

Sulfate 2.7123 0.02824

Calcium 0.4121 0.01028

Potassium 0.3991 0.01021

Carbon (inorganic) 0.0276 0.0023

Bromide 0.0673 0.00084

Boron 0.0044 0.00041

Strontium 0.0079 0.00009

Fluoride 0.0013 0.00007
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strong adhesion to diverse substrates and high reactivity that
can easily facilitate crosslinking [40–42]. Although various
catechol-based copolymers have been synthesized and
exhibited excellent adhesion on dry substrates, their adhe-
sion performance in seawater or saline water is rarely stu-
died [43, 44]. A pioneering study was reported by White
and Wilker in 2011 [32]. They synthesized three-component
copolymers bearing cationic, catechol, and benzene groups
(Fig. 2a). They dissolved the polymers in a chloroform/
methanol mixture and then applied the solutions onto an
aluminum substrate immersed in artificial seawater. Due to
its higher density compared to that of water, the glue did not
float up and off the substrate. Then, a second aluminum
sheet was placed on the first sheet and allowed to cure in
water for 24 h. The test results showed that the adhesive
strength of the polymer glues in seawater first increased and

then decreased with increasing cationic content. They
explained that the glue with the higher cationic fraction has
better surface wetting ability based on the contact angle
data, which contributed to improved adhesion. While
introducing too much charge (above ~11%) caused strong
cohesion but not adhesion, in my view, the weak adhesion
may have been caused by the increase in the hydrophilicity
of the polymer.

Furthermore, North et al. synthesized a series of
poly[(3,4-dihydroxystyrene)-co-styrene] polymers with
different molecular weights and studied their under-
seawater adhesion [45]. The adhesive strength in artificial
seawater was found to first increase and then decrease with
an increasing molecular weight of the polymer. The glue
showed a highest adhesive strength of ~2.5 MPa at a
molecular weight of ~85,000 g/mol. In glue systems, a low

Table 2 Main components, test conditions, and adhesion performance of glue-type under-seawater adhesives

Components Substrates Test method Curing time and bonding
condition

Bonding strength Remarks Ref.

P(DHS-co-VTEA-
co-St)

Al Lap shear 24 h in seawater 150–400 kPa Solvent: CH3Cl/
CH3OH
Oxidant: Bu4N(IO4)

[32]

P(DHS-co-St) Al Lap shear 24 h in seawater 2–3MPa Solvent: CH3Cl [45]

P(THS-co-BA) Al Lap shear 6 d in seawater ~1MPa Solvent: CH3Cl/
CH3OH

[46]

PVP-catechol Glass Lap shear 24 h in seawater 0.8–1.4MPa Solvent: CH2Cl2/
CH3OH
Crosslinker: FeCl3

[48]

PVP-catechol Glass, Al Lap shear 24 h in seawater 1.0–1.3MPa Solvent: CH2Cl2/
CH3OH
Crosslinker: FeCl3

[49]

P(DA-alt-BGOP) Glass, metal, plastics Lap shear 7 d in seawater 0.8–1.1MPa Solvent: CHCl3/
CH3OH
Crosslinker: FeCl3

[47]

HDI-PDMS Fe Tack 24 h in seawater 0.5–0.9MPa Solvent: THF [70]

USPI-CaO Glass, metal,
plastics, wood

Lap shear 2 d in seawater 200–800 kPa Inorganic‒
organic hybrid

[71]

P(benzyl-triazole) Glass, metal,
plastics, wood

Lap shear 20 s–7 d in seawater 100 kPa (20 s)
300–1000 kPa (7 d)

Solvent: Ionic liquid
Solvent exchange
Ionically conductive

[7]

P(VImDOPA-co-
HPA)

Steel, PMMA Lap shear 6 h in seawater 60–180 kPa Solvent: DMSO [72]

P(4-AC)-P(AAc) Glass, metal, plastics,
ceramic

Lap shear 20 min in seawater 0.4–1.3MPa Zwitterion-initiated
Stable (6 months)

[51]

P(cation-methylene-
phenyl)

Glass Tack 12 d in seawater
3 °C, oxygen-free, dark

~320 kPa Salt-triggered
coacervation

[18]

TA+ F68 Glass Tack Instantaneous in saline
water (0.1–1.0M)

~100 kPa Coacervation [52]

DHS 3,4-dihydroxystyrene, VTEA p-vinyltolyltriethylammonium chloride, St styrene, THS 3,4,5-trihydroxystyrene, BA butyl acrylate, PVP
poly(N-vinylpyrrolidone), Al aluminum, DA dopamine, BGOP 2,2-bis(4-glycidyloxyphenyl) propane, HDI hexamethylene diisocyanate, PDMS
bis(3-aminopropyl) terminated polydimethylsiloxane, THF tetrahydrofuran, USPI soy protein isolate, GaO calcium oxide, VImDOPA 3-(5-(3,4-
dihydroxyphenyl)-4-oxo-3Npentyl)-1-vinylimidazolium bromide, HPA 2-hydroxy-3-phenoxypropyl acrylate, PMMA poly(methacrylic acid
methyl ester), DMSO dimethyl sulfoxide, 4-AC 4-aminostyrene, AAc acrylic acid, TA tannic acid, F68 poly(ethylene glycol)77-b-poly(propylene
glycol)29-b-poly(ethylene glycol)77
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molecular weight is beneficial for the wetting behavior of
the solution, while a high molecular weight can enhance the
cohesion of the glue. Therefore, there is an optimum
molecular weight for achieving the best adhesion
performance.

Zhan et al. studied the influence of the number of
hydroxyl substituents on the benzene ring on underwater
adhesion [46]. Copolymers bearing three types of phenolic
groups (phenol, catechol, and gallol) were synthesized and
dissolved in a chloroform/methanol mixture (Fig. 2b). The
gallol-based copolymer exhibited the strongest adhesive-
ness compared to the other two polymers under all tested
environments (in air, water, and seawater). The results
suggested that the tridentate structure has a stronger
underwater interfacial bonding ability than the bidentate and
monodentate structures.

Sha et al. synthesized a mussel-inspired alternating
copolymer by using click chemistry [47]. In their strategy,
dopamine and 2,2-bis(4-glycidyloxyphenyl) propane
(BGOP) were copolymerized via an epoxy-amino click
reaction (Fig. 2c). Compared with introducing the vinyl
group into the catechol group, directly using dopamine is
much simpler. Moreover, the click reaction is fast, almost

quantitative, and allows polymers with high catechol con-
tents and regular sequences to be obtained. To test its
adhesion ability, the polymer was dissolved in a chloro-
form/methanol mixture to obtain a glue adhesive. They
found that the introduced polar groups and rigid bisphenol
A structures in the polymer enhanced the cohesion of the
adhesive, while the high content of the catechol group
provided strong adhesion. As a result, the copolymer
showed high adhesiveness under both dry and seawater
conditions. This work demonstrated a facile strategy for
designing catechol-functionalized copolymers with con-
trolled sequences; however, unfortunately, this work did not
study the sequence effect on adhesion performance, which
is critical for our understanding of structure-property
relationships.

In addition to the catechol group, the backbones of
polymers were investigated by Li et al. [48]. Inspired by
mussel foot proteins, they raised the question of the rela-
tionship between the polarity of the polymer backbone and
polymer underwater adhesion. To answer this question, four
polymers with similar catechol contents and molecular
weights but different backbones were synthesized (Fig. 2d)
[49]. The under-seawater adhesion test results showed that

I                      II                      III                    IV

Gallol

Catechol

Phenol

Fig. 2 Organic solvent-based polymer glue. a Copolymers bearing
cationic, catechol, and benzene residues synthesized by Wilker’s group
[32]. b Adhesive copolymers possessing three types of phenolic
groups (phenol, catechol, and gallol) and their under-seawater

adhesiveness [46]. c Catechol-based alternating sequential copolymer
synthesized by Sha et al. [47]. d Catechol-based copolymers with
different polarities and their adhesion performance in seawater [49]
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a

b

c

Fig. 3 Water-borne coacervate glue. a Precipitation of a triazole-based
polymer in water and its adhesion performance in different substrates
and solutions [7]. b Design strategy of a polymer with a cation-

methylene-phenyl motif inspired by the protein of membraneless
organelles [18]. c Ionic complex-based adhesives fabricated by the
polymerization of 4-AS initiated by zwitterions [51]
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the polymer with the higher polarity had stronger adhe-
siveness. According to my understanding, this phenomenon
may have been caused by the modulus difference of the
cured adhesives. After curing in seawater, the adhesive film
of the low-polarity polymer was more rigid than that of the
high-polarity polymer. In general, a rigid adhesive has low
resistance against crack growth and exhibits poor adhesive
strength.

Since glues based on hydrophobic polymers usually
require an organic solvent, which may be harmful to
organismic health and the environment, water-borne glues
have received much attention in recent years. For example,
Zheng et al. developed a polymer glue possessing rapid,
strong, long-lasting adhesion and ionic conductivity in
water and seawater environments [7]. In their strategy, they
synthesized a hydrophobic polymer bearing benzene and
nitrogen heterocyclic groups and dissolved it in a water-
soluble ionic liquid (Fig. 3a). When injecting the polymer
solution into water, the fast water exchange triggered the
precipitation of the hydrophobic polymer, resulting in rapid
adhesion. With increasing immersion time, the glue was
further self-strengthened through the formation of strong
hydrophobic interactions, which led to an increase in
adhesive strength. For example, the instant under-seawater
adhesive strength on glass was ~100 kPa, while it increased
to ~400 kPa after 7 days of soaking. In addition, they found
that there was ~44.38% ionic liquid retained in the adhesive
even after long-term soaking, which provided considerable
ionic conductivity and allowed the adhesive to work as an
in situ strain sensor.

Zhu et al. proposed a strategy to synthesize a water-borne
polymer adhesive inspired by the protein of membraneless
organelles [18]. In their study, they synthesized a polymer
with a cation–aromatic sequence by using a monomer with
a cation-methylene-phenyl (C-M-P) motif (Fig. 3b). The
obtained aqueous polymer solution formed coacervates
through the addition of NaCl because the high-ionic
strength of the solution reduced the electrostatic repulsion
between cationic groups but enhanced the interchain cation-
π interactions [30, 50]. They further synthesized polymers
by the copolymerization of a C-M-P monomer and post-
curable monomers and tested their adhesion performance in
aqueous conditions. The results showed that the copolymer
glue exhibited outstanding adhesion in normal saline water
and seawater. For example, a copolymer obtained by
copolymerizing the C-M-P monomer with a curable ionic
liquid monomer was capable of gluing glass together in a
simulated deep-sea environment (3 °C, oxygen-free, and
dark) after overnight curing (12 h). In contrast with the
difficulty of linear sequence-controlled copolymer synth-
esis, this work provides a simple strategy to develop poly-
mers with sequential cation-π motifs.

One of the shortcomings of glue adhesives is the long-
term curing process. To achieve strong underwater adhesion
in a short time, Cui et al. developed a water-borne glue
system by utilizing the rapid polymerization of
4-aminostyrene (4-AS) in the presence of an acidic poly-
anion (Fig. 3c) [51]. In general, pure 4-AS is difficult to
polymerize because the reactivity of the vinyl group is
inhibited by the charge density transfer from the amino
group to the conjugated double bond. However, in the
presence of 4-AS salts, 4-AS can be spontaneously poly-
merized via the zwitterionic mechanism. Based on this
phenomenon, they prepared two aqueous solutions, namely,
a polyacrylic acid (PAAc) solution and a 4-AS solution.
When mixing them, PAAc not only provided acidic con-
ditions for the polymerization of 4-AS but also formed a
complex with P(4-AS) through the formation of multiple
ionic bonds. As a result, a bright-yellow sticky putty was
immediately formed, and it could be fully cured within
20 min to glue diverse substrates in various environments
(water, seawater, oil, etc.). In addition, this adhesive could
maintain strong adhesion for 6 months.

Recently, Peng et al. developed a coacervate glue that
exhibited instant, robust, and repeatable underwater adhe-
sion [52]. The reported coacervate was formed by mixing
tannic acid and poly(ethylene glycol)77-b-poly(propylene
glycol)29-b-poly(ethylene glycol)77 (F68) aqueous solutions.
The abundant gallol group on TA provided strong inter-
facial adhesion, while the hydrogen bonds between TA and
the polymer and the hydrophobic core of F68 micelles
facilitated tough cohesion. As a result, the coacervate
showed robust and instant adhesion in water as well as in a
NaCl solution (0.1–1.0 M). It also displayed excellent
repeatability up to 1000 cycles, which is seldom tested in
other adhesive systems. Moreover, the biological activities
of TA endowed the adhesive with anticancer and anti-
bacterial properties.

Tape-type adhesives

Soft solid materials that can directly adhere to substrates are
regarded as tapes. Compared with glues, it is more chal-
lenging for tapes to achieve strong under-seawater adhe-
sion. This is because, on the one hand, wetting the surface
and breaking down the hydration layer with crosslinked
polymers is much more difficult than with unconfined dis-
solved polymers. On the other hand, water droplets can be
easily trapped at the interface, which decreases the real
contact area and induces crack defects. To tackle this
dilemma, several strategies have been proposed recently,
inspired by natural underwater adhesion mechanisms. The
tape-type under-seawater adhesives and their adhesion
performances are listed in Table 3.
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Niu et al. developed an elastomer that exhibited high
adhesion in water and seawater conditions [53]. The adhe-
sive was synthesized by the copolymerization of butyl
acrylate and acrylic acid (Fig. 4a). After adjusting the
monomer ratio to balance the adhesion and cohesion, they
optimized the viscoelastic properties of the elastomer so that
it achieved the best adhesion performance in seawater. The
adhesive strength of the elastomer was in the range of
120–150 kPa depending on the substrates. In addition, the
adhesion of the elastomer was reversible due to physical
interfacial interactions.

In addition to this hydrophobic elastomer, Yu and Wu
developed a hydrophobic ionic liquid gel by using a water-
insoluble anion (Fig. 4b) [54]. In their strategy, they first
prepared two ionic liquids with the same hydrophobic
anion, one being butyltrimethylammonium bis(tri-
fluoromethanesulfonyl) imide ([N4111][TFSI]), working as
solvent, the other one being [2-(methacryloyloxy)ethyl]tri-
methylammonium bis(trifluoromethanesulfonyl) imide
([MATAC][TFSI]) monomer. After one-pot polymeriza-
tion, a viscoelastic ionogel was fabricated. The ionogel did
not swell in water due to its hydrophobicity and exhibited
various properties, including optical transparency, tunable
mechanical properties, self-healing ability, underwater
adhesiveness, conductivity, and 3D printability.

Compared with the hydrophobic elastomer/gel, it is more
difficult for a hydrogel to achieve underwater adhesion due
to its hydrophilic and highly swollen polymer network. To
effectively breakdown the hydration layer and suppress the
swelling ratio to improve adhesion, introducing hydro-
phobic functional groups into hydrogels has been proven to
be an effective approach [16, 55]. In this strategy, gels are
usually fabricated in a water-miscible organic solvent, fol-
lowed by a solvent exchange process to obtain hydrogels.
For example, Liu et al. copolymerized a hydrophobic and
anionic monomer in DMSO and obtained an organogel
[56, 57]. They found that the as-prepared organogel could
adhere to diverse substrates under various solvents,
including water, seawater, and oil, during the exchange of
solvent. In the case of adhesion in aqueous conditions, the
water diffused into the gel and replaced DMSO, resulting in
the dehydration of the surface and the aggregation of
hydrophobic groups, which enhanced both adhesion and
cohesion. After 24 h of immersion, the adhesive strength
reached ~120 kPa.

Zhang et al. developed an organohydrogel with hydro-
phobic and hydrophilic heteronetwork by the in situ emul-
sion polymerization of oleophilic and zwitterionic
monomers (Fig. 4c) [58]. In the organohydrogel, the oleo-
philic and hydrophilic polymer chains were spatially
restrained in the interpenetrating heteronetwork, which led
to antiswelling behavior in both water and oil. The
authors further found that the organohydrogel exhibitedTa
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under-seawater adhesion to various substrates after 5 min of
contact. They believed that the synergetic interactions at the
interface, including electrostatic and hydrophobic interac-
tions, facilitated the adhesion of the gel. In my under-
standing, the uneven surface resulting from the mismatch of
the swelling degree of the hydrophilic and hydrophobic
domains may also have played a key role in facilitating the
adhesion of the gel. The concavity of the hydrophobic
domains may have accelerated the interfacial water drainage
in this system.

Many solid surfaces, including rocks, glass, and metals,
are negatively charged in the marine environment [11].
Therefore, a facile strategy using electrostatic interactions as
a bonding mechanism would be effective on these surfaces.
However, the electrostatic interactions between oppositely
charged surfaces in high-ionic-strength environments such as
seawater are normally weakened due to the Debye screening
effect [11]. To tackle this dilemma, specialized protein
sequences have been obtained through evolution in biological
systems. Cationic and aromatic amino acids are always
adjacent to each other in many adhesive proteins, such as

mussel foot proteins, barnacle cement proteins, and cor-
onavirus spike proteins [59–61]. Such a specific character-
istic enables the proteins to adhere to negatively charged
surfaces through electrostatic interactions in a saline envir-
onment, providing a design model for developing marine
adhesives. However, sequence-controlled polymerization is
still a central challenge in polymer chemistry [62].

Recently, our group discovered that copolymers with
adjacent cation–aromatic sequences can be synthesized
through simple free-radical polymerization at equimolar
ratios [30, 63]. It was found that the polymerization beha-
vior of cationic and aromatic monomers in precursor solu-
tion highly depends on their vinyl groups, monomer
concentration, and solvent. When the cationic and aromatic
monomers have the same double bond, at high concentra-
tions and with DMSO as the solvent, the reactivity ratios (r)
of the cationic and aromatic monomers are close to 1,
namely, they show ideal random copolymerization (Fig. 5a)
[63]. In this case, the resulting copolymer has an adjacent-
rich sequence, and it is water soluble, although this copo-
lymer has 50% hydrophobic monomers. If it lacks one of

a

b

c

PMMA-co-MAEDS

[MATAC][TFSI]

LMA

Fig. 4 Tape-type under-seawater
adhesives. a Rheological
behavior of P(BA-co-AAc)
elastomers and their underwater
adhesiveness [53]. b Schematic
illustration of the structure of a
poly(ionic liquid) adhesive and
its adhesion performance in
various solutions [54].
c Schematic illustration of the
preparation and structure of
organohydrogels and their
adhesiveness in seawater [58]
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these three preconditions, a random copolymer with only
one component-rich sequence is obtained. Such a polymer
cannot dissolve in water.

By using one-pot free-radical copolymerization, copo-
lymers with different sequences can be synthesized on a
large scale, meeting the requirements for material fabrica-
tion and studies. For example, due to their different
monomer sequences, P(cation-adj-π) and P(cation-co-π)
hydrogels showed completely different macroappearances
in water and saltwater (Fig. 5b). The P(cation-adj-π)
hydrogels were almost transparent, while the P(cation-co-π)
hydrogels were opaque owing to the aggregation of their
hydrophobic aromatic-rich segments. These hydrogels with
different sequences also showed dramatically different
mechanical strengths. In a 0.7 M NaCl solution, the
P(cation-adj-π) hydrogels were soft but more stretchable
and tough than the P(cation-co-π) hydrogels. The monomer
sequence also had a strong effect on the underwater adhe-
sion of these hydrogels (Fig. 5c). Adhesion tests showed
that the P(cation-adj-π) hydrogels exhibited fast, strong, but
reversible adhesion to negatively charged glass in artificial
seawater because the aromatic groups enhanced the elec-
trostatic interactions of their adjacent cationic residues with
the counter surfaces in highly ionic media. In contrast, the
P(cation-co-π) hydrogels exhibited weak adhesion on glass

substrate in saltwater. This work indicated that the mono-
mer sequence has a strong influence on the network struc-
tures and the properties of hydrogels, which has always
been overlooked.

Soft materials with bioinspired microstructures are
another type of tape-like adhesive. Although the corre-
sponding works mainly focused on adhesion in air or water,
instead of in saline water or seawater, it is expected that
these materials have similar adhesion performances
regardless of salinity due to their physical suction
mechanism [29, 64–67]. This type of underwater adhesive
has been widely reviewed in the literature and is not cov-
ered here [8, 23, 25, 27].

Conclusion and outlook

With an in-depth understanding of the underwater adhesion
mechanisms of marine organisms, remarkable progress has
been made in the development of adhesives applied in the
marine environment. Especially in the last five years, var-
ious under-seawater adhesives have been fabricated by
applying diverse bioinspired strategies [30, 32, 54]. How-
ever, compared with the development of adhesives used in
the air, the development of adhesives that can be directly

Fig. 5 Under-seawater adhesive hydrogels with adjacent cationic and
aromatic sequences [30, 63]. a Free-radical polymerization for syn-
thesizing copolymers with different cation-π sequences by using
DMSO and dimethyl sulfate (DMS). b Digital photo of P(cation-adj-π)
and P(cation-co-π) hydrogels equilibrated in 0.7M NaCl solution and

their mechanical properties. c Under-seawater adhesion performance
of P(ATAC-adj-PEA) and P(ATAC-co-PEA) hydrogels. ATAC: 2-
(acryloyloxy)ethyl trimethylammonium chloride; PEA:
2-phenoxyethyl acrylate. d Photographs showing a P(cation-adj-π) gel
adhered to a glass block and the block being lifted out of seawater
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applied under-seawater is still in its infancy. Currently, the
rapid formation of strong adhesion remains a major chal-
lenge. In real-world applications, the formation of adhesive
joints occurs under nonstatic conditions, such as the con-
stant undulation of seawater, which requires adhesives to
form an effective adhesion in a short time. The currently
reported glue-type adhesives exhibit strong bonding
strength but require hours or even days of curing, while the
tape-type adhesives show instant adhesion but relatively
weak strength. Various length-scale adhesion mechanisms
are used in nature to achieve excellent underwater adhesion.
Therefore, further exploring the underwater adhesion
mechanisms with various length scales of natural organisms
and mimicking them is one direction for the development of
under-seawater adhesives.

In addition, most adhesive joints used in marine envir-
onments are subjected to cyclic loadings throughout their
life [68]. Therefore, the study of the long-term stability of
adhesives under nonstatic conditions is essential for their
real application in seawater. More comprehensive and sys-
tematic characterizations of the material properties of
adhesives, such as fatigue, creep, and the effect of envir-
onmental changes (e.g., temperature, salinity, and hydraulic
pressure), are required in future studies.

Moreover, to meet the requirements of diverse applica-
tion scenarios, future under-seawater adhesives should also
have controlled adhesion and multiple functionalities and be
ecofriendly (recyclable, biodegradable, nontoxic, etc.), low
cost, and easy to mass produce.
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