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Extreme Hydrogel Bioelectronics

Xuecheng He, Dingyao Liu, Binbin Cui, Hao Huang, Shilei Dai, Ivo Pang, Yuchun Qiao,
Tailin Xu,* and Shiming Zhang*

The last decades have witnessed the rapid growth of hydrogel bioelectronics.
Traditional hydrogels face challenges when working under extreme
conditions, causing a loss of stabilities and functionalities. This review
provides a systematic overview of hydrogels capable of working under
extreme conditions, with a focus on their applications in bioelectronic
systems. These hydrogels are summarized into categories of anti-mechanical
damage, anti-detachment, anti-swelling, anti-freezing, and anti-foreign body
response. Strategies including material development and structural design
that can endow hydrogels with the above extreme properties are introduced.
Finally, current challenges and new opportunities in developing extreme
hydrogel bioelectronic devices and systems are discussed.

1. Introduction

Smart bioelectronics have aroused extensive research interest
in the past decades and will certainly lead a revolution in
peoples’ lifestyles.[1,2] Although much progress made, the in-
trinsic differences between biological tissues and man-made
electronics pose challenges that need to be overcome. Hydro-
gels, as a viscoelastic material composed of hydrophilic poly-
mers with three-dimensional (3D) cross-linked polymer net-
works, are an ideal candidate for next-generation bioelectron-
ics due to their similarities with biological tissues and versatil-
ity in the regulation of their properties.[3–5] The intrinsic soft
and flexible properties of hydrogels minimize the mechanical
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mismatch with biological tissues, and the
high water contents of hydrogels provide
wet and ion-rich environments. The favor-
able optionality in the regulation of their
electrical and biological properties by phys-
ical and chemical strategies also renders
hydrogels a unique bridging material to
the biological world. These unique mer-
its enable the use of hydrogels into var-
ious bioelectronic applications related to
soft robotics,[6–8] flexible electronics,[9–11]

energy,[12,13] environmental,[14,15] and life
science,[16,17] etc.

However, hydrogel-based bioelectronics
may encounter various harsh environ-
ments in real-world applications (Figure 1),
which results in a loss of their functions.

For example, hydrogel bioelectronics often undergo various me-
chanical stimuli such as stretching, compression, and bending
during their use. These mechanical stimuli can lead to the forma-
tion of microcracks and eventually result in the failure of the en-
tire device.[18] Weak affinity between hydrogel bioelectronics and
the human body/tissue (in particular, with biofluids) exacerbates
the interfacial mismatch. Also, the foreign body response (FBR)
should not be ignored, where proteins and cells accumulate
around an implanted device and result in the formation of dense
fibroblasts, fibrocytes, and collagenous tissue. Consequently, the
functionality of the implanted hydrogel-based bioelectronics can
be significantly compromised.[19,20] While the swelling behavior
of hydrogel is desirable in certain applications, it is often con-
sidered a drawback because excessive swelling with volume ex-
pansion can cause mechanical instability and reduced interfacial
adhesion.[9] Additionally, conventional hydrogels will lose their
flexibility, toughness, or conductivity when being frozen at sub-
zero temperatures, greatly limiting the applications of hydrogel-
based energy devices for bioelectronics. Extending the feasibility
and versatility of hydrogels under extreme environments is thus
urgently required to meet the increasing demand in this field.

In this review, we summarize the current strategies to
construct extreme hydrogels for bioelectronic applications
(Figure 2), including anti-mechanical damage, anti-detachment,
anti-swelling, anti-freezing, and anti-FBR hydrogels. In each
case, we specify how extreme conditions impair the hydro-
gel’s structure or functionality, as well as how different strate-
gies can help mitigate the deterioration. This is followed by a
description of the potential bioelectronic applications enabled
by these extreme hydrogels. Finally, we discuss the unmet
needs and challenges in the development of extreme hydrogel
bioelectronics.
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Figure 1. Extreme hydrogel bioelectronics in different scenarios.

2. Anti-Mechanical Damage Hydrogels

Anti-mechanical damage represents superior mechanical perfor-
mances in the broadest sense, such as high fracture toughness,
tensile strength, or fatigue resistance to resist the mechanical
damages. Conventional hydrogels typically exhibit poor mechan-
ical performance, for example, with a fracture energy of approxi-
mately 10 J m−2, which is significantly lower than that of biolog-
ical tissues such as heart valves (approximately 1000 J m−2).[26]

The design of anti-mechanical damage hydrogels is a basic re-
quirement to minimize the mechanical mismatch issues with bi-
ological tissues. Here we summarize three main design strate-
gies of anti-mechanical damage hydrogels including introduc-
ing energy dissipation, high-functionality cross-links, and special
networks, with a key focus on understanding the fundamental
mechanisms of each strategy. Also, self-healing hydrogels capa-
ble of recovering mechanical damage are also included.

2.1. Energy Dissipation Mechanism

Energy dissipation is a common strategy employed in the con-
struction of anti-mechanical damage hydrogels. For a conven-
tional hydrogel, the fracture toughness of a polymer network
refers to its intrinsic fracture energy Γ0, corresponding to the
covalent energy of a layer of polymer chains per unit area
(Figure 3a,i). For an anti-mechanical damage hydrogel based on

an energy dissipation mechanism, the total fracture toughness is
determined by its intrinsic fracture toughness (Γ0), and the me-
chanical dissipation (ΓD) in the process zone ahead of the crack
tip. (Figure 3a(ii)). Generally, energy dissipation in this section is
performed by incorporating sacrificial regions within the hydro-
gels. This prevents the cracks from further propagating by effec-
tively dissipating the energy, which can be reflected by the hys-
teresis loop on its stress-stretch curve under a loading-unloading
cycle (Figure 3a(iii)).

Hydrogels with interpenetrating polymer networks have
proven to be an effective strategy for energy dissipation. An in-
terpenetrating polymer network is comprised of 2 or more in-
terpenetrated polymer networks, which are individually cross-
linked but not joined together. Typical interpenetrating poly-
mer networks can be found in double-network (DN) hydrogels.
DN hydrogels can be further classified into three categories:
fully chemically cross-linked DN hydrogels, fully physically cross-
linked DN hydrogels, and physically-chemically cross-linked DN
hydrogels. Compared to single-network hydrogels, DN hydro-
gels usually exhibit significantly higher fracture toughness. A
typical DN hydrogel with full covalent cross-links was proposed
in 2003.[27] In this system, one network (poly(2-acrylamido-2-
methylpropanesulfonic), PAMPS) consisted of relatively short,
stiff, and brittle chains, while the other network (polyacrylamide,
PAAm) contained relatively long, coiled, and ductile chains. Both
networks are separately cross-linked through covalent bonds. The
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Figure 2. Extreme hydrogel bioelectronics, including anti-mechanical damage (reproduced with permission.[21] Copyright 2023 Springer Nature), anti-
detachment (reproduced with permission.[22] Copyright 2021 Springer Nature), anti-swelling (reproduced with permission.[23] Copyright 2023 John Wiley
& Sons), anti-freezing (reproduced with permission.[24] Copyright 2022 John Wiley & Sons), and anti-FBR (reproduced with permission.[25] Copyright
2021 Elsevier) hydrogel bioelectronics.

energy dissipation mechanism plays a dominant role in the me-
chanical reinforcement of this DN hydrogel: when an external
force is applied to the DN hydrogel, the short chains are fractured,
acting as sacrificial bonds for energy dissipation (Figure 3a(iv)).
In contrast, the long ductile networks remain intact, inhibiting
crack propagation and maintaining the integrity of the hydro-
gel. As a result, DN hydrogels can achieve fracture toughness
exceeding 1000 J m−2, higher than that of traditional hydrogels
(Figure 3a(v)).

DN hydrogels with full covalent cross-links often lack fatigue
resistance and recoverable toughness due to the irreversible na-
ture of covalent bonds.[28] To achieve recoverable energy dissi-
pation, several research efforts have been focused on replacing
sacrificial covalent bonds with non-covalent interactions, such as
electrostatic interactions,[29] hydrogen bonds (H-bonds),[30] hy-
drophobic associations,[31] etc. These non-covalent bonds with
relatively lower binding energies act as sacrificial bonds that
break to dissipate mechanical energy under stress. In contrast,
the covalent bonds with higher binding energies remain intact,
contributing to the stability and toughness of the network. One
notable example of a DN hydrogel based on physical and chem-
ical cross-links was proposed in 2012 by Suo’s group.[32] The hy-
drogel was composed of ionically cross-linked alginate and cova-

lently cross-linked PAAm. When the hydrogel was subjected to
stress, the alginate chains connected by ionic cross-links broke
to dissipate energy, but they could reform when the force was
released. On the other hand, the PAAm chains connected by co-
valent cross-links remained intact. This hydrogel demonstrated
exceptional toughness, with the ability to be stretched beyond
20 times its initial length, and exhibited fracture energies of
9000 J m−2 (Figure 3a(iv)).

Fully physically cross-linked networks can withstand stress
and dissipate energy in a more recoverable manner.[33] These
hydrogels rely on a broad distribution of binding strengths
of physical cross-links, where weaker cross-links act as sac-
rificial units while stronger ones maintain the overall in-
tegrity of the material.[34] In addition to the DN design, re-
searchers have also explored triple-network hydrogels with mul-
tiple interpenetrating polymer networks based on a similar en-
ergy dissipation mechanism.[35] Taking inspiration from the
hypertrophy and strengthening of human muscles after re-
peated exercise, a mechanoresponsive hydrogel with a triple
network was proposed using a self-growing strategy.[36] Me-
chanical stress was loaded to break the brittle network of
DN hydrogel, generating mechanoradicals at the broken ends
of the brittle network strands. Polymerization of monomers
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Figure 3. Anti-mechanical damage hydrogels. a) Energy dissipation mechanism. Part i-iii, strategies to increase the fracture energy of traditional hy-
drogels. Part iv-v, anti-mechanical damage hydrogels based on DN structure. Reproduced with permission.[32] Copyright 2012 Springer Nature b) Anti-
fatigue hydrogels based on high functionality cross-links. Reproduced with permission.[37] Copyright 2020 Springer Nature. c) Anti-mechanical damage
hydrogels based on special networks including homogenous networks, slide-ring networks, and aligned networks. d) Strategies towards self-healing
hydrogels.
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from the external solutions was then triggered to form a
new third network and further enhanced the mechanical
toughness.

Dual-cross-linked (DC) hydrogels typically involve the incorpo-
ration of covalent cross-links and noncovalent cross-links within
the networks. The DN hydrogels based on physical-chemical
cross-links mentioned earlier can be considered a type of DC
hydrogel. Additionally, DC hydrogels can be constructed by in-
troducing the covalent and noncovalent cross-links into a single
polymer network, resulting in single-network DC hydrogels.[38]

Multiple interactions can be employed in the two cross-links to
confer specific functionalities to the hydrogel.[16] During load-
ing, reversible noncovalent cross-links act as sacrificial units to
dissipate energy at low strains, while the covalent cross-links re-
sist deformation, following a similar energy dissipation mecha-
nism as DN hydrogels.[39] As a result, single-network DC hydro-
gels exhibit improved mechanical performances, such as stretch
strength and fracture toughness, compared to single-cross-linked
hydrogels.[40]

2.2. High-Functionality Cross-Links

The functionality is an important parameter that describes
the number of polymer chains interconnected at the cross-
links. The use of high-functionality cross-links in hydrogels can
lead to decoupled mechanical properties. Hydrogels with high-
functionality cross-links usually exhibit fine resistance to fracture
and in particular, fatigue resistance. Wearable and implantable
bioelectronics inevitably face fatigue failure due to continuous
mechanical stimuli. Mechanisms for reversible energy dissipa-
tion, like fracturing polymer chains in the process zone, are of-
ten depleted under cyclic loads, unable to recover in time to resist
fatigue crack propagation in subsequent load cycles. To address
this issue, the strategy for anti-fatigue hydrogels involves pining
the fatigue cracks by high-functionality high-energy phases.[41] In
this context, we will summarize high-functionality crystalline do-
mains, macromolecular microspheres, and nanocomposites in
hydrogels (Figure 3b(i)).

Crystalline domains in hydrogels serve as strong physical
cross-links that connect amorphous polymer chains. The en-
ergy required to extract a polymer chain from a crystalline
domain is significantly higher than that required to damage
the chain itself.[42] As a result, the presence of crystalline do-
mains in hydrogels can greatly enhance their mechanical perfor-
mances, particularly in terms of fatigue strength. Macromolecu-
lar microsphere composite hydrogels are a type of tough hydro-
gel in which macromolecular microspheres serve as the cross-
links.[43] These macromolecular microspheres (e.g., functional-
ized polystyrene,[44] chitosan microspheres)[45] possess numer-
ous binding sites on their reactive surfaces, allowing for the
connection of numerous long polymer chains with controllable
cross-link densities. An anti-fatigue poly(acrylic acid) (PAA) hy-
drogel was achieved by utilizing polyproteins as macromolecular
cross-linkers. These polyproteins can unfold to resist crack prop-
agation in the fracture zone when subjected to external forces.
Remarkably, even after 5000 cycles, no crack propagation was ob-
served in the hydrogel, demonstrating its excellent anti-fatigue
properties (Figure 3b(ii)).[37] The introduction of nanocomposites

also enables the formation of high-functionality cross-links for
anti-mechanical damage hydrogels.[46,47] Various types of nano-
materials can be introduced into hydrogel including 0D, 1D, 2D
nanocomposite.[46] These nanomaterials can produce physical or
chemical interactions with the polymer chains, providing redis-
tribution and resistance of applied loads within the hydrogel net-
works and preventing macroscopic crack propagation.[48] In ad-
dition to enhancing mechanical properties, the incorporation of
functional nanocomposites in hydrogels can also improve anti-
freezing performance (will be discussed later),[44] and conductiv-
ity for bioelectronic applications.[49]

2.3. Special Networks

Beyond the above strategies, some special polymer networks
have also been proposed to construct anti-mechanical dam-
age hydrogels, including a homogenous network,[50] slide-ring
network,[51] and aligned network (Figure 3c).[52,53] Due to the ul-
tralow structural defect, homogeneous network hydrogels usu-
ally exhibit high stretchability and fracture toughness. The slide-
ring networks allow for the reconfiguration of polymer chains
and the equalization of tension within a single polymer chain
and among adjacent polymers, forming relatively homogenous
polymer networks. For aligned network hydrogels, the enhanced
anti-mechanical damage performances can be attributed to the
align-induced high strength.

2.4. Self-Healing

While anti-mechanical damage strategies are commonly used in
hydrogel bioelectronics, long-term usage can still lead to mechan-
ical damage. Wound healing in organisms offers an inspiration to
impart hydrogel bioelectronics with “self-regeneration” or “self-
healing” capabilities. The self-healing capability is crucial in soft
bioelectronics as it can address structure fracture and function
failure or degradation during operation. Here, we focus on in-
trinsic self-healing hydrogels, which do not require external stim-
uli for their self-healing behavior. These hydrogels possess the
ability to reconstruct their broken bonds after damage, thereby
restoring their original mechanical, chemical, and electrical prop-
erties. During the self-healing process, the spontaneous recovery
of polymer chains with reactive chain ends is based on reversible
interactions, including reversible chemical covalent interactions
and physical noncovalent interactions (Figure 3d(i)).[54] These re-
versible interactions undergo dissociation and recombination,
enabling the hydrogels to heal damages and regain compara-
ble mechanical and electrical performances. Reversible covalent
chemistry plays a crucial role in the development of self-healing
hydrogels. Typical reversible covalent bonds for self-healing hy-
drogels include imine bonds, boronate ester bonds, Diels-Alder
(DA) reactions, disulfide bonds, etc.[55] Self-healing hydrogels can
also be formed based on non-covalent physical interactions, in-
cluding H-bonds, hydrophobic associations, host-guest interac-
tions, electrostatic interactions, etc.[56] Each interaction has its
own characteristic, and the researchers can choose the proper one
regarding the specific components of hydrogels.

The purpose of self-healing design is to recover the struc-
ture and functionality of hydrogels. Self-healing efficiency is an
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important parameter and is usually determined by comparison
of specific performances (such as stress-strain characteristics,
Figure 3d(ii)) before and after self-healing. For conductive hydro-
gels, structural self-healing properties can contribute to electri-
cal self-healing. During the self-healing process, the electrically
percolating pathways reform accompanied by conductive compo-
nent recontact (Figure 3d(iii)).[57,58] The distribution of conduc-
tive composite has an important impact on the electrical perfor-
mance self-healing efficiency. Aligned carbon nanotubes (CNTs)
in hydrogel have proven to facilitate low resistance and high elec-
trical self-healing behavior for conducive hydrogel.[59] When two
fractured segments of the hydrogel composite are contacted, the
aligned CNTs could autonomously recover the electrical conduc-
tivity.

3. Anti-Detachment Hydrogels

A stable interface is fundamental for the deployment of hy-
drogel bioelectronic devices. This necessitates robust bonding
(anti-detachment) between the electrical sensing surface and the
tissue. However, delamination of bioelectronics from the skin
or biological tissues can disrupt stimulation or consistency in
recording biological signals and introduce noise to recorded sig-
nals. Anti-detachment hydrogels, with strong adhesion to tar-
get substrates, are anticipated to overcome this challenge. The
anti-detachment hydrogel systems rely on two main components
(Figure 4a): a tough hydrogel that can dissipate mechanical forces
in the vicinity of the detachment zone (Γinter

D ), and strong inter-
facial linkages between the hydrogel and the targeted substrate
(Γinter

0 ).[60] The tough hydrogel prevents crack propagation within
the hydrogel itself, ensuring that cohesive failure does not oc-
cur during the detachment process. To achieve strong interfacial
linkages, strategies are employed to prevent crack propagation at
the hydrogel-substrate interface and avoid adhesive failure. As we
have already discussed the tough hydrogel materials earlier, this
section will focus on the methods used to create robust interfacial
linkages at the hydrogel-substrate interface.

3.1. General Approaches

Robust hydrogel-substrate interfacial linkages can be achieved
through several general interfacial linkage techniques, includ-
ing physical attachment, chemical anchorage, primer interpen-
etration, and mechanical interlocked structure (Figure 4b). Phys-
ical attachment techniques rely on high-density physical inter-
actions (i.e., crystalline domains,[42] H-bonds,[61] electrostatic
interactions).[62] Physical bonding is very facile without com-
plex procedures. Nevertheless, pure physical bonding usually suf-
fers from relatively low bonding strength. Chemical bonding
relies on the formation of covalent bonds between functional
groups present in the hydrogel and the substrate. Inspired by
the natural adhesive proteins in mussels, catechol derivatives are
widely used to generate strong both chemical covalent and phys-
ical non-covalent bonds between anti-detachment hydrogels and
the substrates.[63] Zhao’s group used a silane coupling agent,
namely, (3-trimethoxysilyl) propyl methacrylate (TMSPMA) to
modify into polymer chains via copolymerization, which could

be further hydrolyzed into silanol.[64] Then silanol groups con-
densed with each other to cross-link the polymer chains and con-
densed with the hydroxyl groups on the substrate to chemically
interlink the polymer network onto the targeted substrate.[65]

Generally, chemical covalent anchorages offer higher bonding
strength for long-term applications compared to physical attach-
ments. However, potential risks associated with added chemicals
need to be carefully considered. Additionally, interfacial entangle-
ments by introducing anchoring primers is also an effective adhe-
sion strategy, exhibiting versatility in bonding hydrogel-hydrogel,
hydrogel-elastomer, and hydrogel-tissue interfaces.[66] The an-
choring primers are limited in low diffusion and permeation to-
ward the substrate, which usually requires external stimuli. Ul-
trasound, for example, can push the anchoring primers into bi-
ological tissues at greater depths by microbubble cavitation, en-
abling tough bio adhesion with precise control.[67] Mechanically
interlocked structures enable high interfacial toughness by in-
creasing the interfacial area and employing locked snap-fits at
the hydrogel-substrate interface. Substrates can be designed with
porous or groove shapes, allowing the hydrogels to infuse and
establish strong interpenetrating adhesion.[68,69] While mechani-
cally interlocked structures offer effective and robust adhesion,
they require sophisticated microfabrication techniques, which
can increase manufacturing complexity and costs.

3.2. Underwater Approaches

The interfacial toughness of hydrogels is particularly crucial in
underwater working environments. Hydrogels tend to form a
hydration layer at the interface due to the strong hydration be-
havior of hydrophilic polymer chains, which significantly weak-
ens the interfacial toughness. While some catechol-derived hy-
drogels can provide an intrinsic robust anti-detachment per-
formance even in the presence of a hydration layer,[70] there
is still a need to enhance underwater interfacial toughness by
disrupting the hydration layer (Figure 4c). One effective strat-
egy is to absorb the hydration layer using hygroscopic materi-
als through in situ gelation.[71–73] For example, a hydrogel-based
dried double-sided tape has been developed to remove interfa-
cial water from wet substrates, leading to rapid and temporary
cross-links at the interface.[74] Using a hygroscopic powder ad-
hesive that can quickly transform into a hydrogel by absorbing
interfacial moisture and diffusing into the substrate, forming in-
terpenetrating adhesion.[75] These dehydrating strategies are ap-
plicable not only for underwater adhesion but also for adhesion
to wet tissues.[76] Creating surface microstructures is another ef-
fective strategy. Different from the above-mentioned interlocked
microstructures, these microstructures typically consist of inter-
connected valleys and peaks, inspired by natural organisms such
as clingfish discs,[77] and tree frog pads.[78] In contrast to hygro-
scopic strategies that involve removing interfacial water by ab-
sorbing it into the hydrogel’s inner space (the gel is relatively dry
in its initial state), these microstructures are designed to expel
water when applying pressure. Additionally, pushing out the wa-
ter can create a negative pressure between the interconnected
valleys and the targeted substrate, further enhancing the anti-
detachment effect.
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Figure 4. Anti-detachment hydrogels. a) Overall principle in designing anti-detachment hydrogels. Reproduced with permission.[64] Copyright 2016
Springer Nature. b) Anti-detachment hydrogels using general approaches based on physical bonding, chemical bonding, interfacial entanglements,
and mechanically interlocked structures. c) Strategies towards underwater anti-detachment hydrogels such as introducing hygroscopic materials and
bioinspired microstructures.

4. Anti-Swelling Hydrogels

While swelling behavior is desirable in certain applications, such
as superabsorbent materials, it is often considered a drawback be-
cause excessive swelling and volume expansion can damage the
cross-linked networks and weaken the functionality of the hydro-
gel, including mechanical instability, interfacial mismatch, and
reduced interfacial adhesion. Swelling is a competitive process
between the volume expansion and the resistive force of the hy-
drogel networks. Volume expansion originates from the polymer-

water interactions,[79] and the resistive force usually arises from
the elastic retractive force exerted by the network chains. At the
beginning of the swelling, the volume expansion prevails over
the elastic retractive force of hydrogels. As the network chains
change from coil conformation to extended conformation pro-
gressively with swelling, the elastic retractive force increases con-
tinually due to the hydrogel expansion. Thus, the general design
principle for anti-swelling hydrogels is to enhance the retrac-
tive force and weaken the volume expansion, as demonstrated in
Figure 5a.
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Figure 5. Anti-swelling hydrogels. a) The schematic process of hydrogels. b) Anti-swelling hydrogels based on high-functionality cross-links. c) Anti-
swelling hydrogels based on the solvent displacement strategy. d) Anti-swelling hydrogels based on thermal-responsive aggregation. e) Hydrophobized
modifications towards anti-swelling hydrogels.

4.1. High-Functionality Cross-Links

Many strategies used to construct anti-mechanical damage hy-
drogels can indeed be applied to improve the anti-swelling perfor-
mance of hydrogels. This is because these strategies can maintain
the integrity of the hydrogel networks and resist external forces,
including mechanical force as well as swelling force. For exam-
ple, DN hydrogels typically exhibit lower swelling compared to
single-network hydrogels.[80] By introducing a hydrophobic sec-
ond network, the swelling ratio can be further reduced to 20–
60%.[81] Additionally, high-functionality cross-links are benefi-
cial for limiting the swelling behavior of hydrogels (Figure 5b).
This is because increasing the functionality of cross-links can in-
crease the elastic retractive force to some extent.[61] Typically, a
supramolecular hydrogel based on diverse physical interactions

(including electrostatic interaction, H-bonds, and hydrophobic
associations) was prepared with densely cross-linked networks
and good swelling resistance.[82] High-functionality cross-links
based on nanocomposites or macromolecular composites can
also be used to construct anti-swelling hydrogels. For exam-
ple, silica particles can impart superior strength and negligible
swelling (as low as 2%) to polyvinyl alcohol (PVA) hydrogels in
deionized water.[83]

4.2. Aggregation of Polymer Segments

Controlling the aggregation of polymer segments through sol-
vent displacement or temperature changes can counteract the
swelling tendency of hydrogels. In the solvent displacement
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strategy, hydrogels are initially dispersed in a good solvent (e.g.,
an organic phase). In this state, the polymer chains are extended
and form strong H-bonds with a good solvent, which minimizes
the noncovalent interactions between polymer chains. Subse-
quently, the hydrogels are transferred to a relatively poor sol-
vent solution (e.g., an aqueous phase), where weaker H-bonds
are formed, leading to the reformation of intermolecular in-
teractions among the polymers and thus, strengthening of the
cross-linked networks for anti-swelling property (Figure 5c).[84,85]

Amphiphilic hydrogels containing hydrophobic and hydrophilic
moieties can further enhance this effect through hydrophobic
associations.[86,87]

Another effective method to create anti-swelling hydrogels
is the introduction of thermo-responsive segments.[88] Pluronic
F127 (PF127), which consists of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) chains, is a commonly used thermo-
responsive amphiphilic polymer for this purpose. PF127 can
spontaneously assemble into nanosized micelles,[89] whose PEO
core can shrink in a controlled manner upon increasing the tem-
perature above its critical value (Tc). Anti-swelling hydrogels can
be developed by introducing PF127 derivatives, such as PF127
diacrylate,[90,91] PF127-bis-(acryloyloxy acetate)[92] (Figure 5d).
These thermo-sensitive nano-micellar PF127 derivatives increase
the intermolecular strength through thermo-induced shrinkage,
thereby enhancing the elastic retractive force and anti-swelling
performance of hydrogels.

4.3. Hydrophobized Modifications

Hydrophobic surfaces or architectures are effective in reduc-
ing the swelling force of hydrogels by repelling water molecules
even when submerged underwater (Figure 5e).[93] This strategy
is commonly employed to construct anti-swelling ionogels. Ionic
liquids (ILs) or polyionic liquids (PILs) are liquid-like substances
with high electrical conductivity that do not readily evaporate. A
fully hydrophobic ionogel was proposed through one-step poly-
merization of hydrophobic acrylate monomers in a hydropho-
bic IL solvent.[94] The hydrophobic moieties within the polymer
network act as diffusion barriers between the ionogel domains
and the water phase, reducing the interfacial diffusion of wa-
ter molecules and ions. Similarly, by polymerizing fluorine-rich
IL monomers in a fluorine-rich IL solvent, a hydrophobic iono-
gel was achieved, exhibiting excellent anti-swelling performance
with weight changes of less than 1% in deionized water or sea-
water over a period of 10 days.[95] Cross-linking a small amount
of hydrophobic chains with hydrophilic chains of cross-linkers is
also an effective method for anti-swelling hydrogels.[96] This ap-
proach not only restricts the movement of molecular chains but
also prevents the intrusion of solvent molecules, thereby main-
taining the hydrogel’s constant size and stability.

5. Anti-Freezing Hydrogels

Hydrogels will lose their intrinsic desirable properties, such as
flexibility, toughness, conductivity, and transparency when sub-
jected to freezing at sub-zero temperatures. Therefore, the de-
velopment of freezing-tolerant hydrogels with reliable perfor-
mance in low-temperature settings is urgently demanded. The

freezing process of water (weakly bonded water) in hydrogels in-
volves a liquid-solid phase transition when the temperature drops
below zero at standard atmospheric pressure. This process in-
cludes two main steps: i) ice crystal nucleation (in the presence of
surface defects, small particles, etc.),[97] ii) ice propagation. The
key principle for the design of anti-freezing hydrogels is to in-
hibit the nucleation and growth process of ice crystals within the
hydrogel.

5.1. Ice Nucleation Inhibition

During ice nucleation, the disordered and free water molecules
transformed into ordered ice crystal molecules with ordered H-
bonds (Figure 6a).[98] Disruption of the formation of these or-
dered H-bonds can lead to ice nucleation inhibition for devel-
oping anti-freezing hydrogels. Ice nucleation inhibition mainly
includes two strategies: introducing competitive H-bonds and
electrostatic interactions. Introducing competitive H-bonds can
be performed by introducing organic agents or modification of
the polymer chains, during which the newly-formed H-bonds be-
tween these introduced substances and water molecules inhibit
the nucleation of ice crystals regardless of sub-zero temperature.

Organic agents involving glycerin (GL),[99] ethylene glycol
(EG),[100] and dimethyl sulfoxide (DMSO)[101] have been proven
to be efficient additives for anti-freezing hydrogels. These or-
ganic agents contain abundant functional groups that can form
strong H-bonds with water molecules. The stability of these
H-bonds is higher than that among water molecules, as de-
picted in Figure 6b. Some inorganic acids, such as sulfuric acid
(H2SO4)[102] and phosphoric acid (H3PO4),[103] have similar ef-
fects. The introduction of water-miscible organic solvents into
hydrogels is a straightforward process and can be applied to var-
ious hydrogel systems. Additionally, the presence of organic liq-
uids, such as GL, improves the evaporation tolerance of the gels
due to their low vapor pressure and high hygroscopicity.[104] How-
ever, these additives may escape from the gel network. There-
fore, polymer modification has emerged as an effective strategy
to “immobilize” the functional groups on the polymer chains
of hydrogels (e.g., graft copolymerization). For example, EG can
be anchored to polyurethane acrylates via chemical bonds, fol-
lowed by copolymerization with a PAA matrix. The resulting
hydrogel maintained an unfrozen state even at −20 °C.[105] Ad-
ditionally, hydrogels with more hydrophilic side chains exhibit
better anti-freezing performance. This is reasonable since water
molecules have a greater tendency to form stronger H-bonds with
hydrophilic side chains.[106]

Introducing zwitterions, inorganic salts, ILs, or PILs can
also reduce H-bonds among free water molecules in hydrogels
(Figure 6c, left). These additives suppress ice nucleation and en-
able the preparation of freezing-tolerant hydrogels. In our daily
lives, inorganic salts are commonly used to prevent snow on
roads from freezing. This “water in salt” strategy is based on
the strong electrostatic interactions between metal ions and dipo-
lar water molecules. The electrostatic interactions significantly
disrupt the internal H-bonds among water molecules, thereby
inhibiting ice crystallization. The effect can be approximately
calculated by Clausius-Clapeyron equation,[107] namely, Freezing
point total = Freezing pointwater – ∆Tf. Where ΔTf = Kf * m, m

Adv. Funct. Mater. 2024, 34, 2405896 © 2024 Wiley-VCH GmbH2405896 (9 of 22)

 16163028, 2024, 52, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202405896 by T
he U

niversity O
f H

ong K
ong L

ibraries, W
iley O

nline L
ibrary on [03/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 6. Anti-freezing hydrogels. a) The schematic transformation of disordered and free water molecules into ordered ice crystal molecules. b) Intro-
ducing competitive H-bonds for anti-freezing hydrogels. c) Introducing competitive electrostatic interactions for anti-freezing hydrogels. d) Anti-freezing
proteins for anti-freezing hydrogels. e) Core-shell nanoconfinement for anti-freezing hydrogels. f) Interpenetrating nanoconfinement for anti-freezing
hydrogels.

indicates the molality of the solute and Kf is the cryoscopic con-
stant (1.86 °C kg mol−1 for water). This “water in salt” strategy
can be extended to design anti-freezing hydrogels. For example,
an anti-freezing (−57 °C) PAAm-alginate hydrogel was created
by immersing it in different concentrations of CaCl2 solutions,
allowing anions and cations to spontaneously diffuse into the
hydrogel.[108] ILs[109] (or PILs) can be used to depress the freez-

ing point of hydrogels due to their intrinsic low freezing point
and strong electrostatic interactions with water molecules. These
anti-freezing ionogels also exhibit low vapor pressure and high
ion conductivity, which are widely utilized in flexible electronics
over a wide temperature range.[110]

Zwitterionic molecules consist of an ion pair with an equiva-
lent cation and anion, resulting in a neutral overall charge.[111]
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Natural zwitterionic materials like proline and betaine can be
found in biological organisms, where they play a crucial role in
resisting cell damage caused by freezing processes.[112] Taking
inspiration from this, zwitterions have been widely employed
as additives in anti-freezing hydrogels. The mechanism behind
the anti-freezing properties of zwitterions lies in their strong
interactions with water molecules through charge-dipole and
dipole-dipole interactions (Figure 6c, right).[113] These interac-
tions help retain water in a liquid state even under subzero tem-
peratures. An anti-freezing hydrogel was proposed by incorpo-
rating zwitterionic sulfobetaine (SB) and inorganic salts (such as
LiCl). By integrating zwitterionic polymer chains derived from
SB monomers with a binary solvent system of GL and water,
the freezing tolerance (40 °C) of the hydrogel was synergisti-
cally enhanced.[103] Additionally, zwitterions not only impart anti-
freezing properties to hydrogels but also possess the advantage of
anti-FBR, which will be discussed later in this review.

5.2. Ice Propagation Inhibition

Inhibiting the growth of small ice crystals into larger sizes is
another significant method for developing anti-freezing mate-
rials, including hydrogels. Freezing is difficult to occur in lig-
nified cell walls due to their extremely small size of water-
containing microcapillaries (less than 100 nm in diameter) and
the strict confinement caused by hydrophobic moieties. As a re-
sult, free water in the cell wall tends to supercool rather than
crystallize.[114] Taking inspiration from this, ice growth inhibi-
tion has been achieved through “soft” nanoconfinement of wa-
ter molecules.[98] Soft confinement in hydrogels can be achieved
by incorporating hydrophobic-hydrophilic moieties from natural
anti-freezing proteins, creating confinement such as core/shell
nanoconfinement and interpenetrating nanoconfinement.

Many organisms secrete anti-freezing proteins to survive in
cold conditions, where ice crystal growth is strictly confined by
the hydrophobic ice-binding faces of these proteins (Figure 6d),
this nanoconfinement effect leads to the formation of tiny needle-
like ice crystals instead of large and sharp ones.[115,116] Some of
these anti-freezing proteins have been commercialized and can
be directly incorporated into monomer solutions to fabricate anti-
freezing hydrogels.[117] Core/shell hydrogel microspheres consist
of a hydrophilic core and a hydrophobic shell, where ice crys-
tals are difficult to exist within the hydrophobic shell of each
microsphere (Figure 6e). It should be noted that the size of the
nano-separation domain must be sufficiently small (e.g., < 4 nm)
to form this anti-freezing effect.[118] Interpenetrating nanocon-
finement, as the name suggests, is created by interpenetrating
hydrophilic and non-hydrophilic moieties (Figure 6f). An inter-
penetrating organohydrogel was demonstrated by in situ copoly-
merization of hydrophilic N, N-dimethylacrylamide (DMA), and
oleophilic n-butyl methacrylate (BMA).[119] When combined with
an organic solvent, these hydrogels with interpenetrating hy-
drophilic/oleophilic networks significantly reduce the grain size
of ice crystals and could even inhibit crystallization altogether
even under −78 °C.

In contrast to anti-freezing, high temperatures can also be
detrimental to hydrogels, leading to dehydration. Maintaining
the water content and stability of hydrogels under high tem-

perature is indeed crucial for their performance in various ap-
plications, including electronics and biomedical devices. Strate-
gies to prevent dehydration at high temperatures often over-
lap with those aimed at anti-freezing hydrogels. This is per-
haps because most of the anti-freezing strategies aim to en-
hance the interactions between free water molecules and addi-
tives (organic agents,[120] or inorganic particles,[121] etc.) or mod-
ified polymer networks.[122] And these interactions (H-bonds,
electrostatic interactions, etc.) also can retain the free water
molecules in hydrogels, and thus, prevent dehydration. For in-
stance, in the work by Shi et al., the addition of GL to the mix-
ture of PVA and poly(3,4-)ethylenedioxythiophene doped with
polystyrene sulfonate (PEDOT:PSS) facilitated the formation of
H-bonds among sulfonic acid groups on PEDOT:PSS, hydroxyl
groups on GL, and hydroxyl groups on PVA, thereby improving
the thermal stability of the resulting hydrogel fiber. Furthermore,
protective coatings on the hydrogel surface serve as a barrier to
reduce water loss through evaporation into the surrounding en-
vironment. Coatings made from materials like Ecoflex elastomer
have been shown to effectively preserve hydrogel integrity for ex-
tended periods, minimizing dehydration even under challenging
conditions.[123]

6. Anti-FBR Hydrogels

The FBR is a well-known immune-mediated response, during
which proteins and cells accumulate around an implanted de-
vice, such as implanted hydrogel bioelectronics, resulting in the
formation of dense fibroblasts, fibrocytes, and collagenous tis-
sue and the invalidity of the device. Several typical strategies have
been developed to achieve anti-FBR hydrogels. These strategies
include the use of zwitterions, drug-release surfaces, and mod-
ified alginate, among others. Zwitterionic polymers, which con-
tain both positively and negatively charged groups in their repeat-
ing units, exhibit an overall neutral charge and form a strong
hydration layer through ionic solvation. This cooperative effect
makes zwitterionic hydrogels highly resistant to protein and
cell adsorption.[111] Various types of zwitterions such as SB,[124]

carboxybetaine (CB),[125] phosphorylcholine,[126] have been pro-
posed for anti-FBR hydrogels. These zwitterions-based hydro-
gels provide superior properties including antifouling, antibac-
terial, anticoagulant, and immunomodulation during the long-
term stage (Figure 7a). Peptides or polypeptides derived from
amino acids are another type of zwitterionic polymer used in
anti-FBR hydrogels.[127] For example, poly-𝛽-homoserine hydro-
gels can effectively resist fouling from proteins, cells, platelets,
and microbes,[128] due to the strong “dual H-bond hydration” gen-
erated by the backbone amide bonds and side chain hydroxyl
groups. Additionally, various drugs can be employed to combat
the FBR.[129] These drugs can be loaded into hydrogels through
physical or chemical modifications.[130] Dexamethasone, a typi-
cal anti-inflammatory drug, has been widely used in poly(lactic-
co-glycolic acid) (PLGA) microsphere/PVA hydrogel coatings to
prevent FBR (Figure 7b).[131]

Alginate is a natural, cost-effective, and low-toxicity biomate-
rial that undergoes mild gelation by adding divalent cations such
as Ca2+ or Ba2+.[132] However, pristine alginate microspheres still
exhibit immunorecognition and induce fibrotic reactions. There-
fore, significant efforts have been dedicated to enhancing the
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Figure 7. Anti-FBR hydrogels. a) Zwitterionic hydrogels containing a hydration layer and neutral charge to resist FBR. b) Drug-releasing surfaces capable
of releasing drugs from the hydrogel surface to suppress FBR at the implant site. c) Rational regulation of size, charge, and chemical composition of
alginate hydrogel microspheres for anti-FBR.

anti-FBR of alginate. The size, charge, and chemical composi-
tion of alginate play a significant role in its anti-FBR proper-
ties (Figure 7c). An interesting study has revealed that alginate
microspheres with a diameter of 1.5 mm have the optimal ca-
pacity to prevent cellular deposition for at least six months.[133]

To address the FBR issue stemming from the negative charge
of alginate, a positively charged polyelectrolyte polymer, such
as poly (ethylene imine) (PEI) containing protonated ammo-
nium groups, can be combined with alginate. By optimizing the
proportion of alginate and PEI, alginate/PEI polyelectrolyte hy-
drogels with balanced charged and anti-FBR performance have
been achieved.[134,135] A combinatorial modification strategy has
been employed to synthesize alginate derivatives hydrogel micro-
spheres with various side chains.[136] Among a library of 774 algi-
nate derivatives, three triazole-modified alginate derivatives were
carefully selected and proven to effectively resist inflammation
and fibrosis when implanted in mice. These lead materials with
triazole groups formed a unique hydrogel interface, capable of
inhibiting recognition by macrophages and fibrous deposition.
However, it should be noted that not all alginate microspheres
with triazole structures exhibited anti-inflammatory properties,
as other functional groups in these derivatives may also influence
the inflammatory response.

7. Bioelectronic Applications

Extreme hydrogels have aroused diverse bioelectronic applica-
tions. In this section, we briefly review several examples of ex-
treme hydrogel bioelectronics including hydrogel powering, hy-
drogel machines, hydrogel wearables, and hydrogel implants.
The typical working environments and required extreme prop-
erties in each category are discussed.

7.1. Extreme Hydrogel Powering

There is a huge demand for the development of flexible
energy storage and supply devices to power portable and
wearable electronics. Hydrogels as electrolytes, electrodes, or
substrates have become increasingly important in energy
devices such as flexible batteries (in particular, zinc-based
batteries),[13,137] supercapacitors,[121] and triboelectric nanogener-
ators (TENG).[138] The temperature has a significant impact on
the performance of these energy devices. When hydrogel elec-
trolytes are frozen at subzero temperatures, the mechanical flexi-
bility and ionic conductivity are significantly reduced.[137] There-
fore, wide temperature operation is vital for high-performance
energy devices. Various anti-freezing strategies have been devel-
oped to fabricate temperature-tolerant hydrogel electrolytes for
anti-freezing energy devices (Figure 8a). These strategies include
ice nucleation inhibition by inducing competitive H-bonds,[121]

or electrostatic interactions.[139] Introducing ILs is an appealing
approach due to their enhanced ionic conductivity, which can
simultaneously maintain high electrochemical performance.[139]

Adding organic solvents (polyol additives) or inorganic particles
is also a commonly adopted anti-freezing strategy. These tech-
niques can enhance not only the low-temperature tolerance but
also the high-temperature tolerance (anti-dehydration) of energy
devices, widening the upper and lower limits of the working
temperature. Chen and his team engineered a borax-crosslinked
PVA/glycerol (PVA-B-G) hydrogel. By introducing the competi-
tive H-bonds between glycerol and non-bound water in the hydro-
gel, the PVA-B-G hydrogels exhibited remarkable anti-freezing
performance (could be stretched up to 400%–500% strain low
to −35 °C). This unique capability allowed the hydrogel as an
effective anti-freezing electrolyte for Zn-MnO2 batteries.[140] An
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Figure 8. Extreme hydrogel powering. a) The illustration of hydrogel-related energy devices, such as flexible batteries and TENGs, and the required ex-
treme properties. b) An anti-freezing and anti-mechanical damage PVA-based hydrogel electrolyte for zinc-ion batteries. Reproduced with permission.[142]

Copyright 2023 John Wiley & Sons. c) A flexible supercapacitor based on an anti-freezing and thermally stable montmorillonite/PVA hydrogel electrolyte.
Reproduced with permission.[121] Copyright 2020 American Chemical Society. d) A tough PAAm-alginate hydrogel-based TENG capable of harvesting
mechanical energy from pressing, stretching, bending, and twisting motions.[144] Copyright 2018 American Chemical Society.

anti-freezing hydrogel electrolyte based on zinc tetrafluoroborate
(Zn(BF4)2) and PAAm was successfully proposed.[141] The strong
interaction between BF4

− anions and water molecules (O-H-F) in
the hydrogel resulted in the disruption of H-bonds among wa-
ter molecules, effectively inhibiting the formation of ice crystal
lattice even at low temperatures. As a demonstration, an anti-
freezing and fully integrated flexible Zn(BF4)2-PAAm-based zinc-
ion battery was described, exhibiting high-capacity retention and
remarkable cyclic stability even at−70 °C. He’s group developed a
tough and anti-freezing hydrogel electrolyte for zinc-ion batteries
(Figure 8b).[142] On one hand, the introduced inorganic salt (K+)
ions in PVA hydrogels inhibited ice nucleation. On another hand,
the open-cell porous structures with strongly aggregated poly-
mer chains provided interpermeating nanoconfinements to pre-
vent ice propagation. Under such a synergistic effect, the freeze-
tolerance (< −77 °C), takes a further step toward flexible bat-
tery development for harsh environments. In another example, a
montmorillonite/PVA hydrogel electrolyte was proposed for flex-
ible supercapacitors with anti-freezing and thermally stable ca-
pabilities (Figure 8c).[121] The montmorillonite flakes were added
to the PVA hydrogel electrolyte to enhance conductivity. Then,
H2SO4 and DMSO were introduced to improve anti-freezing as
well as anti-dehydration. As a result, the supercapacitor exhibited
a wide operation temperature ranging from −50 to 90 °C, with

an ionic conductivity of 0.17 × 10−4 S cm−1. Yu et al. designed
a PVA, acrylic acid, and H2SO4 hydrogel electrolyte (PVA-AA-S)
for flexible supercapacitors. The strong interaction between water
molecules and PVA chains, as well as PAA chains, prevented the
formation of ice crystals.[143] This anti-freezing hydrogel main-
tained almost 80% of its capacitance after being stored at −35 °C
for 23 days.

Beyond anti-freezing performance, hydrogel powering devices
need to possess excellent toughness to resist damage and detach-
ment, thereby reducing the occurrence of device damage and po-
tential explosions. Ma et al. designed a sodium polyacrylate (first
network)/cellulose (second network) DN hydrogel. The DN de-
sign allowed the hydrogel to be stretched to over 1000% strain
while maintaining a high ionic conductivity of 0.28 S cm−1.[145]

This DN hydrogel electrolyte was successfully integrated into
a fiber-like zinc-air battery, demonstrating elongation capabili-
ties of up to 500%. Furthermore, a Zn-MnO2 battery based on
a tough DN hydrogel electrolyte (consisting of PAAm and al-
ginate chains) exhibited stable energy output even under se-
vere mechanical stimuli such as being run over by a car.[146] In
the case of hydrogel-based TENGs, a dielectric layer cyclically
approaches and moves away from a hydrogel-based electrode.
Therefore, superior interfacial linkage (anti-detachment) is cru-
cial to ensure stable and continuous operation during various
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Figure 9. Extreme hydrogel machines. a) The illustration of hydrogel machines, including actuators and soft robotics, and the required extreme prop-
erties. b) Comparison of the gripping behaviors of a reference hydrogel and a tough rGO nanocomposite hydrogel. Reproduced with permission.[151]

Copyright 2020 American Chemical Society. c) The reconfiguration of A self-healing and reconfigurable robotic based on Ag nanoparticle/PAAm hydrogel.
Reproduced with permission.[153] Copyright 2019 Springer Nature.

mechanical motions. Wang’s group demonstrated that the use
of benzophenone could enhance the bonding between the hy-
drophilic hydrogel (as the electrode) and the hydrophobic PDMS
elastomer (as the electrification layer).[147] This tough hydrogel-
based TENG could effectively harvest energy from arbitrary
mechanical movements by pressing, stretching, bending, or
twisting and illuminating twenty green light-emitting diodes
(Figure 8d).[144] Nanocomposite cross-linkers can enhance the
stretchability of wearable TENGs for energy harvesting from
human motions. For instance, doping MXene nanosheets has
been shown to efficiently improve the stretchability of hydro-
gels, enabling them to be stretched up to 200% of their orig-
inal length.[148] Additionally, the MXene nanosheets enhanced
the conductivity of the hydrogel, resulting in an additional tribo-
electric output. Consequently, the MXene hydrogel-based TENG
achieved an open-circuit voltage measurement of up to 230 V,
even in a single-electrode mode.

7.2. Extreme Hydrogel Machines

Hydrogels are highly promising materials for applications in soft
robotics and actuators due to their ability to convert external
stimuli such as temperature, humidity, pH, electric fields, and

light into deformation and movement (Figure 9a), due to their
inherent flexibility and programmable responsiveness.[149,150] To
achieve cyclic loading/unloading, it is crucial to have excel-
lent anti-mechanical damage properties of hydrogel-based ma-
chines. In this regard, a tough rGO nanocomposite hydrogel
machine was developed using high-functionality cross-links.[151]

The presence of -OH and -COOH functional groups on the rGO
nanosheets allowed for additional H-bonds interactions with the
poly(AMPS-co-AAm) chains. The resulting rGO hydrogel exhib-
ited remarkable tensile strength (≈80 KPa) and compressive
strength (1.4 MPa), allowing it to be knotted without damage.
Moreover, it could be easily bent to capture a target object within
just 12 s under an electric voltage of 30 V (Figure 9b). In compar-
ison, the gel in the control group took 30 s and failed to produce
sufficient bending deformation to pick up the target object. In an-
other example, the incorporation of nano-reinforcing domains,
such as boron nitride nanosheets, and the use of an organic
solvent (GL) simultaneously enhanced the mechanical tough-
ness and low-temperature tolerance of the hydrogel actuators.[104]

Zheng et al. fabricated a tough hydrogel actuator through ex-
trusion printing of highly viscous solutions containing P(AA-
co-AAm), P(AA-co-NIPAAm), and their mixtures.[152] Gelation
occurred immediately when the polymer solutions were trans-
ferred into a FeCl3 solution. The gel fibers containing PNIPAm
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segments exhibited programmable responsiveness to concen-
trated saline solutions due to salt-induced collapse and the phase
transition of PNIPAm. As a demonstration, a four-armed gripper
was designed, which could exert a large output force of up to 115
times the weight of the gripper.

Additionally, it is important to endow self-healing property
to hydrogel machines, as they may experience temporary frac-
tures or other damage.[154] In particular, DC network design can
be employed to achieve both toughness and self-healing prop-
erties, where reversible noncovalent cross-links can effectively
dissipate energy during deformation and provide self-healing
capabilities.[39] The self-healing property allows for the repair
of hydrogel machines, and more importantly, enables the re-
configuration of hydrogel machines by connecting multiple hy-
drogel pieces together. This opens up possibilities for achieving
more complex actuation by combining hydrogel pieces on de-
mand. For example, two or three gel pieces were re-connected
to create a solvent-responsive robotic arm/palm based on dy-
namic reversible covalent bonds (RS-Ag bonds), enabling com-
plex movements like lifting and grasping (Figure 9c).[153] Anti-
detachment hydrogels are also necessary for specific functional-
ity in soft machines, such as climbing robots. Huang et al. de-
signed a hydrogel-based climbing robot based on borate ester
polymer.[6] The borate ester not only provided self-healing capac-
ity to the hydrogel but also enabled reversible attachment and
detachment. By water electrolysis between the hydrogel and the
conductive substrate, the interfacial pH could be altered, leading
to the reversible cleavage-formation of the borate ester bonds and
exposing or shielding the catechol groups. As a result, the hydro-
gel demonstrated reversible attachment and detachment behav-
ior. Using this controlled adhesive hydrogel as feet and wheels,
the tethered walking robots and wheeled robots can climb on
both vertical and inverted conductive substrates.

7.3. Extreme Hydrogel Wearables

Hydrogel-based wearable devices have become crucial user-
friendly platforms for various applications, such as pre-
cision healthcare[155,156] and human-machine interfacing
(Figure 10a).[157] During the above usage, hydrogel wear-
ables frequently experience various deformations like stretching,
compression, and bending. These deformations can induce the
formation of microdamage, which may gradually propagate and
ultimately lead to material or device failure.[18] The versatile
strategies we previously outlined, such as DN, DC, and high-
functionality cross-links, offer promising avenues to enhance
the mechanical performance of hydrogels, rendering them
more compatible with the human body or tissue for wearable
bioelectronic applications.

The interpenetrating network design has been widely em-
ployed to enhance the stretchability of hydrogel wearables by en-
ergy dissipation mechanisms as mentioned earlier. For instance,
Wang et al. developed tough conductive hydrogels with interpen-
etrating networks by in situ oxidation of ANI to PANI network
within a P(AAm-co-HEMA) hydrogel matrix (Figure 10b).[158]

The reversible H-bonds between the PAAm chains and PANI
moieties temporarily ruptured to dissipate energy during load-
ing and rapidly reformed during unloading, thereby improving

the toughness of the hydrogel. The PANI/P(AAm-co-HEMA) hy-
drogel, with the largest toughness of 9.19 MJ m−3 achieved af-
ter 72 h of oxidation, exhibited an 11-fold increase compared to
pristine P(AAm-co-HEMA) hydrogels (0.77 MJ m−3). These hy-
drogels demonstrated excellent mechanical stability during cyclic
tensile and compression loading/unloading tests, which was suit-
able for long-term and wearable strain-sensing applications. Sani
et al. introduced a multifunctional patch containing a hydrogel
film for the continuous monitoring and treatment of infected
chronic wounds. This patch integrates six distinct sensors to
monitor metabolic data from the chronic wound. The flexible,
stretchable, and electroactive chondroitin 4-sulfate hydrogel was
loaded with drugs. This hydrogel enables electrically controlled
delivery of anti-inflammatory and antimicrobial agents to the sur-
rounding area of the wound site.[159]

Hydrogel bioelectronics can still be susceptible to damage
when subjected to excessive mechanical stress. To address this
challenge, Zhang and colleagues introduced a self-healing hy-
drogel with the potential for use in wearable organic bioelec-
tronic applications.[160] This hydrogel was composed of a thin
layer (1 μm) of the semiconducting polymer PEDOT:PSS. hydro-
gel exhibited an extremely fast healing response (≈0.1 s) after
being wetted with water (Figure 10c). Importantly, the hydrogel
also maintained its semiconducting and redox properties after
self-healing. This made it an ideal candidate for applications in
the field of flexible organic bioelectronics. Hao et al. report a se-
ries of multifunctional liquid metal (LM)-hydrogel soft bioelec-
tronics with drug delivery functionality.[161] The hydrogel sub-
strate was achieved by temperature-mediated sol-gel transition of
the aqueous mixture of gelatin and alginate with hydrogen and
ionic bonding, which were transparent, resilient, healable, and
self-adhesive. The gallium-based LM is patterned on the hydro-
gel substrate through stencil printing, exhibiting high sensitivity
to mechanical strain, and capable of detecting tiny motions of a
human being. Local iontophoretic drug delivery to specific loca-
tions underneath biotissues can also be realized using the LM
electrodes.

Flexible wearable bioelectronics typically comprise multiple
subsystems, and the bonding of these substructures using adhe-
sive materials such as hydrogels is essential to achieve complete
and reliable functionality. Khademhosseini et al. utilized gelatin
methacrylate (GelMA) for the development of wearable tactile
biosensors, incorporating PEDOT:PSS as transparent electrodes
and PDMS/GelMA/PDMS as dielectric layers (Figure 10d).[162]

They adopted benzophenone treatment to alleviate of oxygen in-
hibition effect and made GelMA hydrogels grafted on PDMS
by covalent cross-linking under UV light. In this case, an anti-
detachment interface between GelMA and PDMS elastomers
was constructed. Even after 3000 compression/release cycles (0–
0.5 kPa), no significant capacitance reduction or delamination
was observed between the GelMA-based core dielectric layer and
the PDMS encapsulation layer. This approach ensured the in-
tegrity and durability of the wearable system. Bao’s group pro-
posed a smart hydrogel-based bandage for on-demand tissue ad-
hesion and detachment.[163] Briefly, they developed PNIPAM hy-
drogel electrodes that exhibited strong adhesion at room temper-
ature or normal skin temperature but became weakly adhesive
(two orders of magnitude lower interfacial energy) when heated
above 40 °C (above the lower critical solution temperature). This
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Figure 10. Extreme hydrogel wearables. a) The illustration of hydrogel wearables and the required extreme properties. b) An anti-mechanical damage
interpenetrating PANI/P(AAm-co-HEMA) hydrogel for wearable tactile sensing. Reproduced with permission.[158] Copyright 2018 American Chemical
Society. c) Electrically self-healing PEDOT:PSS semiconducting hydrogels for wearable bioelectronics. Copyright Reproduced with permission.[160] Copy-
right 2020 John Wiley & Sons. d) An anti-detachment PDMS/GelMA/PDMS dielectric layer for wearable tactile sensing. Reproduced with permission.[162]

Copyright 2020 John Wiley & Sons. e) An underwater electrical device based on an anti-swelling gelatin-PAA-MXene-Zr4+ hydrogel. Reproduced with
permission.[164] Copyright 2022 John Wiley & Sons.

behavior could be attributed to the aggregated backbones in the
PNIPAM hydrogel. The resulting hydrogel with reversible and
tunable adhesion could be integrated into a smart bandage with
multiple sensors and stimulators for wound monitoring and
care.

Underwater wearable sensors based on conductive hydrogels
have gained significant interest due to their ability to monitor
the movements of divers and ensure their safety. In addition to
mechanical toughness, anti-swelling property is desirable for un-
derwater wearable sensors. Anti-swelling conductive hydrogels
can be achieved by densification of the cross-link density.[82,165]

For example, an anti-swelling PAA/gelatin composite hydrogel
was developed using MXene to initiate rapid polymerization of
AA, with Zr4+ employed to promote gelation (Figure 10e).[164]

The dense H-bonds between the gelatin chains of the PAA net-
work and the -NH2 groups of the gelatin network increased
the UCST (upper critical solution temperature) to approximately
31 °C. As a result, the hydrogel exhibited minimal swelling un-
der normal temperature conditions. A wireless underwater com-
munication device was designed using this anti-swelling hydro-
gel, enabling stable electrical signal output (e.g., Morse codes)
by controlling the deformation time of the hydrogel underwater.

Adv. Funct. Mater. 2024, 34, 2405896 © 2024 Wiley-VCH GmbH2405896 (16 of 22)

 16163028, 2024, 52, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202405896 by T
he U

niversity O
f H

ong K
ong L

ibraries, W
iley O

nline L
ibrary on [03/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 11. Extreme hydrogel implants. a) The illustration of hydrogel implantable biodevices and the required extreme properties. b) An anti-detachment
double-sided hydrogel tape made from DN biopolymers (gelatin or chitosan) and PAA-grafted NHS. Reproduced with permission.[74] Copyright 2019
Springe Nature. c) A highly stretchable and conductive DN PEDOT:PSS-PVA hydrogel with an adhesive layer for implanted neural stimulation. Repro-
duced with permission.[168] Copyright 2022 John Wiley & Sons. d) An anti-FBR and anti-detachment PDA-PAAm hydrogel for brain-machine interfaces.
Reproduced with permission.[25] Copyright 2022 Elsevier.

The anti-swelling property of the hydrogel was crucial for
maintaining the stability and functionality of the device. Further-
more, anti-swelling hydrogels with wet adhesion are essential for
the design of wearable electrochemical electronics related to epi-
dermal biofluids, such as wound exudate, sweat, and tears. A hy-
drogel bandage with robust anti-swelling (using PF127 deriva-
tives) and anti-detachment properties (through covalent cross-
links and interlocked microstructures) was employed as a wound
dressing.[92] This hydrogel maintained fine adhesion strength in
the presence of wound exudate, preventing damage to surround-
ing nervous tissues due to volume stability (anti-swelling). Wet-
adhesive hydrogel patches have also been commonly used for
point-of-care testing of sweat in a “just press” manner.[156,166]

7.4. Extreme Hydrogel Implants

In contrast to non-invasive hydrogel wearables that interface with
the skin, hydrogel implants are designed to be invasive and in-

troduce foreign materials into the human body (Figure 11a). Bio-
compatibility stands as a paramount requirement in the realm
of bioelectronics, especially for implantable applications. Con-
versely, inadequate compatibility, exemplified by fibrotic encap-
sulation induced by FBR, can undermine the electrical biosens-
ing and stimulation capacities of implanted electrodes. Such
biofouling or FBR poses a significant challenge for implanted
hydrogel-based biodevices in the in vivo environment. Anti-FBR
hydrogels are urgently needed to reduce the FBR and improve
the performance of implanted bioelectronics.[9] Addressing this
challenge necessitates the development of anti-FBR hydrogels
aimed at mitigating FBR and enhancing the functionality of im-
planted hydrogel bioelectronics. An anti-FBR implantable glu-
cose biosensor was developed using a hydrogel coating com-
posed of PLGA microspheres dispersed in PVA hydrogels.[130]

The PLGA microspheres gradually released drugs at the im-
plantation site to alleviate inflammation and fibrous encapsu-
lation, while the hydrogel facilitated rapid diffusion of ana-
lytes to the electrode surface. Liu et al. developed zwitterionic
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triazole-poly (TR-SB) hydrogels to reduce FBR and improve blood
vessel formation.[167] Compared to conventional alginate hydro-
gels, the triazole-zwitterionic hydrogel exhibited lower fibrosis
and promoted better outcomes in islet encapsulation. It demon-
strated diabetes correction for up to approximately one month in
mice when implanted in a convenient subcutaneous site. The hy-
drogel also exhibited high stretchability (250% tensile strain) due
to the formation of energy-dissipating 𝜋–𝜋 stacking through the
introduction of triazole moieties into the hydrogel monomers.

The biological adhesion between implanted devices and sur-
rounding tissues/organs is another critical factor to consider.
Moisture present on biological tissues poses a challenge to
achieving high interfacial toughness. Wet-adhesive hydrogels
have been developed for tissue engineering applications, in-
cluding sealing hemostasis[169] and organ repair.[170] These wet-
adhesive interfaces can be combined with other desirable prop-
erties of hydrogels, such as anti-mechanical damage, anti-
swelling, and anti-FBR. Zhao et al. proposed an anti-detachment
and anti-mechanical damage hydrogel tape for bioelectronic
applications,[74] which was made from a combination of a
biopolymer (gelatin or chitosan) and cross-linked PAA grafted
with N-hydrosuccinimide ester (NHS). This hydrogel tape ex-
hibited exceptional toughness, allowing it to stretch to over 16
times its original length because of its DN design. Furthermore,
the dry hydrogel tape could absorb interfacial water and undergo
in situ cross-linking with the tissue surface. (Figure 11b). As
another example, a stretchable strain sensor was attached to a
beating porcine heart to measure the deformation of the beat-
ing heart. Choi et al. introduced a bioelectronic patch capable of
immediate and compliant tissue adhesion, comprising three lay-
ers: an ionically conductive tissue adhesive catechol-conjugated
alginate hydrogel, a viscoelastic networked film, and a fatigue-
resistant conducting composite.[171] The hydrogel layer facilitated
conformable tissue adhesion through in situ crosslinking and
catechol-based chemical anchorage. This hybrid patch enabled
long-term monitoring of electrocardiogram signals in awake rats
for up to four weeks of implantation without causing tissue dam-
age. Furthermore, it allowed for spatiotemporal mapping in a my-
ocardial ischemia-reperfusion model. Traditional PEDOT: PSS
hydrogel is respectively non-adhesive, rigid, and brittle, which
limits its wider application in implantable bioelectronics. To over-
come this limitation, Guo et al. first introduced PVA into PE-
DOT: PSS to construct a DN hydrogel electrode (Figure 11c).[168]

The DN PEDOT:PSS/PVA hydrogel exhibited high electrical
conductivity (approximately 10 S cm−1) and large stretchabil-
ity (150%), making it suitable for implanted electromyography
recording. Then, a polymeric adhesive layer was added to the
surface of the PEDOT: PSS/PVA hydrogel through photopoly-
merization. This adhesive layer absorbed interfacial water from
the tissue and provided robust adhesion (interfacial toughness
approximately 600 J m−2) to the tissue through H-bonds. This
tough, highly conductive, and adhesive PEDOT:PSS/PVA hy-
drogel demonstrated high-quality electromyography signal mea-
surement and reliable, low-voltage neural stimulation in a rat
model. Recently, a bioadhesive and anti-FBR hydrogel was pro-
posed as an intermediary layer for brain-machine interfaces,
which was fabricated by incorporating dopamine methacrylate-
hybridized PEDOT nanoparticle into the carrageenan (CA) inter-
penetrated PDA-polyacrylamide (CA-PDA-PAM) network hydro-

gel (Figure 11d).[25] The catechol groups in the hydrogel formed
various non-covalent and covalent bonds with the underlying
brain tissue, achieving robust adhesion between rigid metallic
electronic microcircuits and soft brain tissue. Additionally, the
catechol groups minimized inflammation and fibrosis, reduc-
ing neuroinflammation and limiting glial and astrocyte activa-
tion by regulating macrophage activity. This bioadhesive and anti-
FBR hydrogel allowed long-term and accurate electroencephalo-
graphic signal monitoring.

8. Summary and Outlook

The past several decades have witnessed the rise of extreme hy-
drogel bioelectronics. Compared with traditional hydrogels, ex-
treme hydrogels mitigate structure and function loss when ex-
posed to harsh conditions, essential for hydrogel powering, ma-
chines, wearables and implants, etc. Although tremendous ef-
forts made, challenges and opportunities still exist.

1) First, quantitative standards should be established to define
the extreme functionalities. For example, it is easily under-
standable that anti-freezing hydrogel electronics refer to the
hydrogels that can maintain unfrozen statues lower than 0 °C
under standard atmospheric pressure. Anti-swelling hydro-
gels are usually termed as having a low swelling ratio, how-
ever, there is no strictly quantitative standard for the swelling
ratio. A similar situation can be found in anti-detachment
anti-FBR hydrogels, etc. A well-defined standard will help
benchmark the basic properties of those extreme hydrogels.

2) Second, advanced characterization techniques are urgently
needed. The current understanding of the interactions
between polymer chains and water molecules, organic
molecules, and micro/nanocomposites is still in the early
stages. Several tools, such as high-throughput screening and
in situ scope techniques can help us visualize various chemi-
cal and physical interactions and unveil the structure-property
relationships during the design and fabrication process of ex-
treme hydrogel. Only in this way on-demand regulation and
prediction of the hydrogels’ properties under extreme condi-
tions is possible. Besides, operando characterizations of mul-
tiple parameters of hydrogels in various specific conditions
are essential to gain deeper insight into material properties.

3) Third, the modification strategies for extreme hydrogel bio-
electronics must be performed moderately. Some strategies
rely on introducing external substances (e.g., electronic ele-
ments) to the pristine hydrogels. However, the impact of the
foreign substances on the intrinsic performances of hydrogels
should be carefully evaluated for compromise. For example,
nanocomposites are conducive to constructing tough hydro-
gels with high conductivity, nevertheless, excessive nanocom-
posites will result in a low water content or low elongation
at break of hydrogels.[172] Attention should be paid to how to
address these dilemmas.

4) Fourth, achieving multiple extreme functionalities into one
hydrogel will bring new values. While the single extreme
property of hydrogel has been extensively investigated, the
practical working environments may be more complex,
which require multiple extreme properties. For example,
anti-freezing hydrogel bioelectronics with anti-detachment
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properties are appealing in subzero environments, which are
relatively less explored. Integrated anti-FBR and anti-swelling
hydrogels will greatly accelerate the development and clinical
application of implantable biodevices.

5) Fifth, new extreme properties need to be further explored. For
example, there is an urgent need to develop anti-salinity hy-
drogel electronics for applications in deep-sea environments.
Additionally, an anti-CO2 hydrogel electrolyte is necessary for
alkaline zinc-based batteries to work under a high CO2 con-
centration condition.[13]

Overall, extreme hydrogel bioelectronics is a highly interdis-
ciplinary area, which requires close cooperation between re-
searchers and engineers from different fields. For example, ma-
terial scientists developing hydrogels should gain feedback from
biomedical researchers to tailor material properties for practical
use. Besides, convergent engineering among experts in materi-
als, devices, and systems is a must to advance extreme hydrogel
bioelectronics for various applications in real-world scenarios.
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