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Hydrogels have emerged as powerful building blocks to develop various soft
bioelectronics because of their tissue-like mechanical properties, superior
bio-compatibility, the ability to conduct both electrons and ions, and multiple
stimuli-responsiveness. However, hydrogels are vulnerable to mechanical
damage, which limits their usage in developing durable hydrogel-based
bioelectronics. Self-healing hydrogels aim to endow bioelectronics with the
property of repairing specific functions after mechanical failure, thus

1. Introduction

In recentyears, soft bioelectronics have ush-
ered in a booming development era be-
cause of their promising applications in
personalized healthcare monitoring, point-
of-care clinical diagnostics, prostheses, and
human-machine interface, which will es-
sentially improve the efficiency of precise

improving their durability, reliability, and longevity. This review discusses
recent advances in self-healing hydrogels, from the self-healing mechanisms,
material chemistry, and strategies for multiple properties improvement of
hydrogel materials, to the design, fabrication, and applications of various
hydrogel-based bioelectronics, including wearable physical and biochemical
sensors, supercapacitors, flexible display devices, triboelectric
nanogenerators (TENGs), implantable bioelectronics, etc. Furthermore, the
persisting challenges hampering the development of self-healing hydrogel
bioelectronics and their prospects are proposed. This review is expected to
expedite the research and applications of self-healing hydrogels for various

self-healing bioelectronics.
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theranostics, and alter the way that peo-
ple interact with machines.l'] This pros-
perity hinges on the unique functions of
soft electronic devices: 1) soft and sensitive
to perceive tiny changes in ambient stim-
ulus, such as strain (0.1%) and pressure
(~0.01 Pa);l** 2) flexible and stretchable
(~1000%) to be conformably adhered to any
curved surfaces,”! such as human skin; 3)
thin (~1 pum) and lightweight (3 g m™) to
allow imperceptible integration and readily
movement.[*’”] These prominent features
enable soft bioelectronics to seamlessly in-
tegrate with humans and prostheses to
realize real-time, long-term, and low-cost
sensing of various physical and biological information. To date, a
variety of soft bioelectronics have been developed, including elec-
tronic skin, wearable sensors, flexible triboelectric nanogenera-
tors (TENGs), soft super-capacitors, and implantable electronics.
Their applications spread from tactile sensing, vital physiological
signal monitoring,®°! and biomarker detection (e.g., sweat, tear,
and urine)'® to in vivo drug delivery,*?) cell manipulation,**!
neuromodulation and therapy.'¥l Superior functionalities that
conventional solid devices cannot achieve have been success-
fully implemented. For instance, battery-free epidermal electron-
ics have emerged for wireless, continuous, and real-time mea-
surement of electrocardiogram (ECG) and photoplethysmogram
(PPG) signals from fragile neonates, which can significantly re-
duce injuries to the neonatal skin and constraints on the natu-
ral movement of babies compared with conventional, hard-wired
monitoring systems.!’] Wearable biochemical sensors have been
developed for in situ and real-time analysis of glucose, lactate,
and sodium and potassium ions in sweat, enabling real-time
assessment of human physiological conditions.!*®! Implantable
tissue-like electronics have been invented to conformally inter-
face with nerve tissues for localized neuromodulation through
electrical stimulation.[”]

Although soft bioelectronics are bringing about rapid revolu-
tions in human life and society, the majority of currently de-
veloped bioelectronics are based on textiles,!'®] elastomers!!’!
(such as polydimethylsiloxane (PDMS), polyurethane (PU), and
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Ecoflex), polymer-nanomaterials composites,!?*?!l which gener-
ally feature much larger Young’s modulus (typically, 2 MPa—
1 GPa) and non-intrinsic biological compatibility. The large
mechanical mismatch with human skin or tissues and severe
issues of biocompatibility significantly hinder their practical
biomedical applications. Compared with these materials, hy-
drogel, a three-dimensional (3D) polymer network infiltrated
with plenty of water (>80 wt%),[1?2] has been widely consid-
ered as a promising material for developing both soft wearable
and implantable electronics for biomedical applications because
of their tissue-mimicking Young’s modulus, superior biocom-
patibility, biologically-similar ionic conductivity, and multiple
stimuli-responsiveness.[?32*] Specifically, the close Young’s mod-
ulus (=1 Pa to 1 MPa) of hydrogels to that (~1 kPa to ~100 kPa)
of human skin or tissues can enable excellent mechanical match-
ing at electronic-tissue interfaces, contributing to conformable
integration of electronics with biology.[?>-8] Their superior extra-
cellular matrix-mimetic structure renders soft bioelectronics with
native tissue-like physiological properties, i.e., excellent cytocom-
patibility and histocompatibility, which can avoid unexpected
biological immune reactions during long-term attachment.?]
Meanwhile, the ionic conductive mechanism of hydrogels en-
ables electronic devices to be capable of readily electrical com-
munication with biological tissues.!?”] Additionally, their diverse
stimuli-responsiveness endows hydrogels with the capabilities to
react to various external stimuli (e.g., light, pH, heat, etc.), which
can be harnessed to develop bioactuators for drug delivery.*!
Therefore, merging hydrogels with electronics and devices can
perfectly bridge the gap between humans and machines in as-
pects of mechanical, electrical, and biochemical properties, and
enable the development of next-generation soft bioelectronics. To
date, a diversity of hydrogel-based soft bioelectronics, including
sensors, displays, TENGs, and implantable electrodes, have been
developed for both on-skin and implantable applications.
Despite the promising prospect of hydrogels in developing
wearable and implantable bioelectronics, challenging issues still
exist and need to be tackled before their clinical transition and
practical applications. One crucial challenge is that hydrogel bio-
electronics are prone to be damaged during their usage owing
to the inherent low Young’s modulus of hydrogels and the com-
plex load-bearing and dynamic environment inside human bod-
ies, which severely impede their long-term and reliable applica-
tion. For instance, wearable electronics will inevitably suffer from
various mechanical forces from the external environment, such
as scratch, wear, tear, and puncture. Implantable bioelectronics
may get disrupted by over-range stretching, stress fatigue, and
stress-induced internal microcracks during the frequent and con-
tinuous movements of human organs and joints, such as the
continuous contraction and expansion of hearts. Inspired by hu-
man skin, a complicated sensory system that can work for more
than one hundred years because of its regeneration or repair na-
ture when damaged, researchers are dedicated to imparting hy-
drogel bioelectronic with “self-regeneration” or “self-healing” ca-
pability to expand their durability, reliability, and longevity. The
self-healing capability plays a significant role in soft bioelectron-
ics because it can essentially overcome the inevitable structure
fracture and function failure or degradation during their opera-
tion process. The underlying mechanism is that hydrogels with
self-healing capacity are capable of reconstructing their broken
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Figure 1. Schematic diagram of SHHs and their potential appli-
cations in soft bioelectronics. Wearable sensors: Reproduced with
permission.*!l Copyright 2023, Elsevier. Supercapacitors: Reproduced
with permission.[*2] Copyright 2020, Elsevier. Display devices: Reproduced
with permission.[*3] Copyright 2016, American Association for the Ad-
vancement of Science. TENGs: Reproduced with permission.[*4] Copyright
2020, American Chemical Society. Implantable bioelectronics: Reproduced
with permission.[*31 Copyright 2022, John Wiley & Sons. Reproduced with
permission.!46] Copyright 2021, Elsevier.

bonds after damage and thus restoring their original mechani-
cal, chemical, and electrical properties. This capability imparts
hydrogel soft bioelectronics with several remarkable functions:
1) enabling soft bioelectronics to recover their original structures,
functions, and performances after destruction; 2) improving the
mechanical durability of devices through stress dissipation ef-
fects for long-term application (when subjected to load, the re-
versible dynamic bonds in self-healing hydrogels can act as sac-
rificial bonds to break and dissipate the accumulated stress and
energy, thus alleviating the stress concentration and damage to
the structure. When the load is removed, the broken reversible
bonds can reform to recover the original structure and mechani-
cal performances of the damaged hydrogel, thus resisting stress-
induced cracks and stress fatigue, and enhancing the device’s
mechanical durability;3!32] 3) endowing soft bioelectronics with
shape adaptability, i.e., their structures can be adjusted to vari-
ous tissue or organ shapes through the fracture and reformation
of the reversible linkages in self-healing hydrogels.3*! Therefore,
self-healing provides a promising and effective solution to the
challenging issue existing in hydrogel-based soft bioelectronics,
enabling their long-term application in personalized healthcare
and therapy.

As of today, a diversity of self-healing hydrogels (SHHs) have
been developed to reacquire their original structures, proper-
ties, and functions when damaged. The underlying principle
is to exploit dynamic and reversible interactions to recross-
link the polymer network. As illustrated in Figure 1, cur-
rently, self-healing mechanisms can be classified into three

© 2024 Wiley-VCH GmbH

35US0 |7 suoWIWOD aAIEa.D a|ceal|dde ayy Ag peusenob ale sajpiie YO ‘asn Jo sajn. Joj ArlqiT auluQ A3]1IA\ UO (SUOIIPUOD-PUR-SWLB)I0D A3 1M A Relq 1Bl Uo//SdNY) SUORIPUOD pUe SWiB | 3Y} 88S “[9202/T0/c0] Uo ARiqiTauluo Ao ‘satreiql Buoy BuoH JO AiseAaiun ay L Aq 0SE90€202 BWPR/Z00T OT/I0p/Wod A3 IM AReiq 1 jpul U0’ paoueApe//Sdiy Woly papeojumod ‘TZ ‘v20Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

categories: autonomous, external stimulus-triggered, and under
harsh environments. Their applications in bioelectronics have
spread to a variety of areas, such as self-healing sensors, bioac-
tuators, optical display devices, supercapacitors, TENGs, im-
plantable bioelectronics, etc. Diverse strategies have been con-
structed to simultaneously promote the self-healing ability and
other properties of hydrogels, including mechanical strength,
stretchability, conductivity, anti-freezing capacity, etc. Remark-
able progress has been obtained in the rational design and syn-
thesis of SHHs with excellent comprehensive performance for
soft bioelectronics over the past few years. However, most of
the previous reviews focus on SHHs and their biomedical us-
ages, such as tissue engineering, wound dressing, and drug
delivery.3*#0 A gystematic review of SHHs from their self-
healing mechanisms to applications in various soft bioelectron-
ics, has rarely been reported.

Herein, we review SHHs and their derived self-healing bio-
electronics, ranging from healing mechanisms, chemistries, and
strategies for multifunction improvement to device design, fab-
rication, and applications. Firstly, the self-healing mechanisms,
such as autonomous, external stimulus-triggered, and harsh en-
vironments, are elucidated in detail. After that, we summarize
the advances in SHH-based bioelectronics, including wearable
sensors, optical display devices, supercapacitors, TENGs, and
implantable bioelectronics. In the last section, the perspective
and persisting challenges hampering the development of SHH-
based bioelectronics are presented, which indicate the future di-
rection of soft bioelectronics and provide valuable insights for re-
searchers.

2. Mechanisms of Self-Healing Hydrogels

According to their dependence on external healing agents, self-
healing processes can mainly be categorized into two types: ex-
trinsic and intrinsic. The extrinsic type commonly suffers from
limited self-healing cycles and unrepeatable healing at the same
location.”~*] In contrast, intrinsic self-healing has drawn in-
creasing attention because of its simple preparation strategy,
repeated healing times,[®*>?] and potentially tunable and con-
trollable self-healing ability. Depending on whether extra stim-
uli (such as heat, pH, and light) are needed, the intrinsic pro-
cesses can further be segmented into autonomous and external
stimulus-triggered. This section presents a detailed discussion
on the advancements in self-healing mechanisms utilized for
hydrogels over the past several years. It includes autonomous
and external stimulus-triggered self-healing, as well as self-
healing strategies employed in hash environments, such as at
low-temperature and underwater circumstances.

2.1. Autonomous Self-Healing Hydrogels

Autonomous self-healing is implemented through the interdif-
fusion and fluidity of polymer chains and the recombination
of broken reversible bonds in hydrogel rupture interfaces.!’
It mainly involves two strategies: dynamic covalent and non-
covalent bonding. Non-covalent bonding typically relies on the
reversible physical interactions in cross-linked networks, includ-
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ing hydrogen bonds, metal coordination interaction, electro-
static/ionic interaction, host-guest interaction, and hydropho-
bic association.[*7485455] Although non-covalent interactions can
usually induce rapid self-healing, they suffer limited mechani-
cal strength because of the weak bonding energy.>®! In contrast,
SHHs through dynamic covalent bonding possess higher me-
chanical strength due to their stronger intermolecular forces.l>”]
Dynamic covalent bonds generally include imine, acylhydrazone,
oxime, and borate ester bonds. In some cases, the combination of
both non-covalent and covalent interactions is a feasible and typ-
ical strategy to address the tradeoff between self-healability and
other properties. Following is a detailed discussion on the afore-
mentioned autonomous self-healing mechanisms.

2.1.1. Hydrogen Bonding

Hydrogen bonding (H-bonding) is one common physical interac-
tion that can generate dynamic and reversible binding force and
has been broadly exploited to construct SHHs.[*®>°] Generally,
it is implemented through an attractive force between hydrogen
atoms and electronegative atoms, e.g., oxygen (O), nitrogen (N),
and fluorine (F).’>¢! The common protonated-polar functional
groups that can result in H-bonding include hydroxyl groups
(—OH), carboxyl groups (—COOH), and amino (—NH,). As of
today, a diversity of SHHs has been constructed using —OH,
—COOH, and —NH,-based H-bonds. For instance, polyvinyl al-
cohol (PVA) with abundant —OH can be cross-linked based on
H-bonding. By freezing—thawing, the PVA hydrogel could au-
tonomously self-healing at room temperature (RT, 25 °C).[°! Be-
sides, the polyacrylamide (PAM)/graphene composite hydrogel
was also able to self-repair with an 88% recovery in its tensile
strength via the reformation of H-bonds between polymer chains
and graphene sheets.

Although H-bonding is extensively utilized to construct SHHs,
the bonding strength is relatively weaker (1-63 k] mol~') than
ionic and covalent bonds, leading to unmet mechanical proper-
ties in engineering applications.[®? Therefore, a variety of strate-
gies have been dedicated to simultaneously improving mechan-
ical strength and self-healing ability (Figure 2). Among them,
designing proper network structures has been extensively uti-
lized to enhance mechanical properties. Diverse polymer net-
works, including interpenetrating polymer networks (IPN)®3]
and double networks (DN),[*#%] have been developed, which
harness densely cross-linked networks and increased functional
groups to balance the mechanical and self-healing properties.
For instance, Zhao and co-workers presented a sodium algi-
nate (SA)/PAM-based SHH with semi-IPN layered structures.[¢!
The SA molecules were self-assembled into the PAM matrix
to form semi-IPN through H-bonds, which imparted the resul-
tant hydrogel with a high tensile strength of ~266 kPa. Mean-
while, the abundant functional groups (—OH and —NH,) exist-
ing in SA and PAM chains contributed to numerous H-bonds
(Figure 3a) and thus a high self-healing efficiency (SHE) of 99%
at RT. The damaged hydrogel could restore its original mechan-
ical properties without any external assistance. Feng et al. con-
structed a SHH with two noncovalent cross-linked networks
based on agar, N-benzylacrylamide (NBAA), and acryloyl-glycin-
amide (NAGA) using the one-pot method.l”] The NAGA and
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Figure 2. Mechanism of H-bonding interactions and strategies to improve the mechanical properties of H-bond-based SHHs. a) Schematic of typical
H-bonding interactions. b—e) Strategies for mechanical properties improvement: b) Combining H-bond with complex network structures. c) Introducing
multiple H-bonds (e.g., quadrupolar H-bond). d) Combining strong and weak H-bonds. e) Introducing other healing interactions (e.g., hydrophobic

association).

NBAA monomers were co-polymerized into P(NAGA-co-NBAA)
chains under ultraviolet (UV) light irradiation, which formed the
first noncovalent network by intermolecular H-bonds between
amide groups. The sol-gel phase transition of agars further gen-
erated a molecular entanglement network. The two types of net-
works were bound together by intramolecular H-bonding inter-
actions between —OH from agars and —NH, from P(NAGA-co-
NBAA) copolymer chains. The DN structure and large amounts
of dynamic H-bonds enabled the hydrogel to have a mechanical
strength of 1.1 MPa and a SHE of ~95%. The DN strategy has
been widely exploited to improve the mechanical properties of
SHHEs, such as those based on PVA and PAM polymers. %70l
Some researchers have been dedicated to designing multiple
types of H-bonds in one hydrogel to enhance its mechanical prop-
erties. For instance, Fan et al. constructed a double-cross-linked
SHH with high toughness and rapid self-healing capacity based
on PVA and tannic acid (TA) using two types of H-bonds.l"!]
The hydrogel was formed by dipping PVA aerogels into TA so-
lutions, in which both the strong H-bonds between PVA and TA
and the weak H-bonds among PVA chains cross-linked the fi-
nal network. Their combination significantly improved the me-
chanical properties of the resultant hydrogels, exhibiting a ten-
sile stress of 9.5 MPa at ~#1000% strain, an elastic modulus of
1.7 MPa, and a SHE of 57.9% without external treatment. Liu
and co-workers reported a rapid SHH at RT based on multiple
H-bonds formed between the acylamino groups in poly(styrene-
co-N, N-dimethylacrylamide) (P(St-co-DMAA)) and PAM chains
(Figure 3Db).[72 The mechanical SHE reached 99% within 2 h, and
the conductivity could rapidly return to its initial value after ~40s.
Zhang and co-workers constructed a hybrid conductive SHH
composed of y-polyglutamic acid (PGA) and poly(3,4-ethylene-
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dioxythiophene): poly(styrene sulfonate) (PEDOT: PSS) based on
multiple H-bonds between sulfonic groups (—SO;H) of PSS and
—COOH of PGA (Figure 3c).[”3] The prepared hydrogel could be
stretched over 300% without fracture, and its electrons transmis-
sion network and electro-conducting pathway could also be re-
built once the damaged surfaces came into contact for 10 s. More-
over, the SHEs in elongation and strength at break were ~90%
and ~65% after 24 h, respectively. With a fresh and free prepar-
ing method, Matteo and co-workers developed 3D-printed SHHs
based on PVA and acrylic acid (AA) by utilizing poly(ethylene gly-
col) diacrylate (PEGDA) as the cross-linker and diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide as the photoinitiator.”* The
carboxylic groups in the PAA chains formed the multiple H-
bonds with the hydroxyl groups in PVA chains and thus improved
the self-healing capacity. The healed hydrogel could bear defor-
mation and restore 72% of its original strength within 12 h. Fur-
thermore, it is demonstrated that the 3D-printed hydrogel had
a better self-healing capacity than the bulk one because the 3D-
printing enabled layer-by-layer photopolymerization could lead to
higher homogeneous cross-linking density. Besides, multiple H-
bonds were also formed by combining various copolymer chains
containing rich functional groups (such as hydroxyl, amino,
etc.) and macromolecular monomers (e.g., TA,>7¢] phytic acid
(PA),771 etc.).

Among diverse multiple H-bonding interactions, the urei-
dopyrimidinone (UPy) unitis a well-described hydrogen bonding
motif, and has been broadly exploited in preparing SHHs with
high toughness.[?2787°] Tt features self-complementary quadru-
ple H-bonding functionality and allows the building of reversible
supramolecular networks. For instance, Jeon et al. devised an ex-
tremely stretchable and fast self-healing hydrogel by introducing
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Figure 3. SHHs based on the H-bonding mechanism. a) Schematic of self-healing layered SA/PAM hydrogels with a semi-IPN structure and the re-
versible H-bonds between polymer chains. Reproduced with permission.[%¢] Copyright 2020, Elsevier. b) Schematic of the preparation and self-healing
mechanism of the P(St-co-DMAA)-based SHH, the stabbing performance, and the self-healing property achieved by multiple H-bonds. Reproduced with
permission.[72] Copyright 2020, Elsevier. ¢) Schematic of self-healing PGA/PEDOT: PSS hydrogels based on multiple H-bonds between —SO;H of PSS
and —COOH of PGA, photographs of conductive self-healing property. Reproduced with permission.[*] Copyright 2022, Elsevier. d) Schematic of the
component and healing mechanism of self-healing PAM/UPyHCBA hydrogel based on the UPy unit. Reproduced with permission.[?2] Copyright 2016,
John Wiley & Sons. e) Schematic of the preparation and internal interactions of self-healing P(AM-co-AA) /SF hydrogels, photographs of the conductive
healing and stretchable healing properties. Reproduced with permission.!82] Copyright 2021, John Wiley & Sons.

the UPy unit into micellar polymerization of UPyHCBA and
acrylamide (AAm) (Figure 3d).[2] Due to the strong interactions
of the quadruple H-bond in UPy groups and its rapid reforma-
tion after fracture, the as-prepared hydrogel exhibited an ultra-
high fracture strain of 10000% and outright self-healing ability
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in 30 s without external stimuli. Chen et al. devised a stretchable
conductive polymer-based SHH by introducing UPy groups into
polyaniline (PANI)/PSS networks.[’®] The prepared PANI/PSS
hydrogel showed full and repeatable recovery in both its mechan-
ical property and electrical conductivity in 30 s upon damage.

© 2024 Wiley-VCH GmbH

8SUS017 SUOLULLIOD BATERID 3ot dde 3Ly Aq peueob 818 S91e VO (88N JO S3INJ 10} ARIQIT BUIUO 4811 UO (SUORIPUOD-PUE-SWBIALIOD" A3 1M ARRIq 1 BU1IU0//SANY) SUORIPUOD PUe S L 84} 39S *[920¢/T0/E0] uo AigiT8uluo Ajim ‘so1reiqr Buoy BuoH JO A1SeAIIN BUL Ad 0SE90EZ0Z BWIPR/Z00T OT/10P/L0d" A5 | 1M AR.q 1 [oul U0 PROURARE//SHNY WO PAPEOIUMOQ ‘TZ ‘Y202 ‘S60YTCST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(/jil D n "
|
o “/\/gl\‘\/\/T:O o 0—1‘_“_/ \
) 0

05
PSBMA PMPC

www.advmat.de

"""""""""""" ] e il |
-COOH | \/\/\// Nanomaterials |
Carboxy group | Mxene |
SO,H j\ (\;:‘;\} (,—;—;; , Nano-clay |
Sulfonic Acid group | =TT N CNTs i
| |

Cationic polymer

o o N\

PDMAEA-Q PNaSS

Anionic polymer

Figure 4. Mechanism schematic of SHHs based on ionic interactions. a) Schematic of the typical ionic interactions formed between metal ions or
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materials. c) Schematic of ion-dipole interaction formed between ions and cationic or anionic polymers.

Other examples can be seen in self-healing dextran/UPy hydro-
gels and Gel-UPy/dsCD hydrogel.[881]

Researchers have also explored the involvement of other dy-
namic and reversible crossed-linkages to strengthen the H-
bonding interaction. For instance, Zhao et al. developed a mul-
tifunctional silk fibroin (SF)-doped hydrogel by chemically and
physically cross-linking AAm, AA, and SF (Figure 3e).8?] The in-
troduction of hydrophobic association (sodium dodecyl sulfate)
shielded the effect of water molecules on amide H-bonds. The
synergistic effect of H-bonding and hydrophobic association sig-
nificantly elevated the mechanical property of the prepared hy-
drogel, enabling it to be stretched more than six times its original
length. Zhang et al. reported a DN SHH based on PAM, octade-
cyl methacrylate, and polyurethane (PU), which was cross-linked
through H-bonds and hydrophobic effect.®¥] Both thermal stabil-
ity and mechanical properties of the developed PAM-PU hydro-
gel were raised, and the SHE approached 88% after 60 min at RT.
In addition, a highly stretchable (1600%) and self-healable (SHE
of 95%) gelatin hydrogel was also constructed by combining the
hydrophobic and H-bonding interactions.®*!

In all, H-bonds are widely present in various natural and syn-
thetic hydrogels, and extensively utilized to construct SHHs.
Owing to the relatively low energy required for their formation
and breaking, H-bonds generally feature high reversibility, rapid
cross-linking and de-cross-linking speeds (several seconds), and
easy establishment at ambient conditions. However, on the other
hand, H-bonds usually result in SHHs with relatively low me-
chanical strength and inferior stability, and are prone to be bro-
ken by external mechanical forces and environmental conditions
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(such as temperature, humidity, pH, etc.) because of their rela-
tively low bonding energy (1-63 k] mol~!). Increasing the amount
of H-bonds, introducing different types of H-bonds, and com-
bining them with other self-healing mechanisms and multiple
network structures are alternative methods to enhance both the
self-healing ability and mechanical properties. In light of these
characteristics, H-bonds-based SHHs can be used to develop
soft bioelectronics for applications which has low requirement
on mechanical strength, and work under mild environmental
conditions.®]

2.1.2. lonic Interaction

Ionic interaction is another frequently used mechanism for the
synthesis of SHHs. It’s a type of molecular electrostatic interac-
tion between ions with complementary charges, which can lead
to the reformation of dynamic and reversible cross-links.[#¢37]
Generally, hydrogels obtained through ionic interaction can be
implemented by cross-linking a charged polymer with oppositely
charged materials, including charged polymers, nanoparticles, or
ions.

The reversible ionic interaction in hydrogels is typically
formed by the electrostatic interaction between metal ions (e.g.,
Fe3t, Ca’t, etc.) and oxyacid ions (e.g., sulfonic acid ion (SO;7))
or -COOH groups (Figure 4a). For instance, Wang et al. presented
a gelatin-based conductive SHH by mixing ferric ions (Fe**) into
polypyrrole (PPy) grafted gelatin solutions.[®®! After adding FeCl,
for only 30 s, the gelatin process occurred, forming the hydrogel.

© 2024 Wiley-VCH GmbH
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Figure 5. SHHSs based on ionic interactions. a) Schematic of the internal networks and healing mechanisms of self-healable Chitosan/PAA/PPy/Fe3*
hydrogel, photographs of the macro-mechanical healing process. Reproduced with permission.[8%] Copyright 2017, John Wiley & Sons. b) Mechanism
schematic of the self-healing MXene composite hydrogel, photographs of the bisected/healed hydrogel, and the LED light circuit on-off demonstration.
Reproduced with permission.[®>] Copyright 2021, American Chemical Society. c) The self-healing zwitterionic nanocomposite hydrogel constructed by
dipole and dipole interaction, the mechanical properties before and after healing. Reproduced with permission.l1% Copyright 2019, American Chemical
Society.

The formed dynamic and reversible ionic bonds between Fe’*  improved the stretchability (~1500%). Owing to the dynamic
and the —NH— of PPy and the —COOH of gelatin chains enabled  ionic interaction between —COOH and —NH— groups and Fe3*,
a restoring ability of ~70% in compressive strength after heal-  the prepared hydrogel exhibited a high self-healing capacity with
ing for 30 min. However, obtaining SHHs with high mechan-  100% mechanical SHE in 2 min and 90% electrical SHE in 30 s.
ical properties and SHE is difficult only through ionic interac-  Additionally, a multicomponent SHH was fabricated by interpen-
tions. Therefore, double networks and multiple types of dynamic  etrating PANT and PAA networks using tannic acid-coated cellu-
bonding mechanisms were exploited to improve both the SHE  lose nanocrystals (TA@CNCs) as the reinforcing bridges.®®! The
and mechanical properties together with ionic interactions. For =~ abundantintermolecular electrostatic interactions arose from the
example, Darabi and co-workers proposed a self-healing DN hy-  complementary charge between PANI and PAA chains. Com-
drogel by combining dynamic ionic interaction with chemically  bined with the introduced H-bonds between the TA@CNCs par-
cross-linking covalent networks (Figure 5a).1%] The covalently  ticles and polymer chains, the resultant hydrogel with reversible
cross-linking networks between PAA and N,N"-methylenebis-  cross-links exhibited excellent and effective self-healing capabil-
acrylamide (MBAA) strengthened the mechanical strength and  ity. After 24 h, the broken/healed hydrogel restored 98.2% and

Adv. Mater. 2024, 36, 2306350 2306350 (7 of 51) © 2024 Wiley-VCH GmbH

8SUS017 SUOLULLIOD BATERID 3ot dde 3Ly Aq peueob 818 S91e VO (88N JO S3INJ 10} ARIQIT BUIUO 4811 UO (SUORIPUOD-PUE-SWBIALIOD" A3 1M ARRIq 1 BU1IU0//SANY) SUORIPUOD PUe S L 84} 39S *[920¢/T0/E0] uo AigiT8uluo Ajim ‘so1reiqr Buoy BuoH JO A1SeAIIN BUL Ad 0SE90EZ0Z BWIPR/Z00T OT/10P/L0d" A5 | 1M AR.q 1 [oul U0 PROURARE//SHNY WO PAPEOIUMOQ ‘TZ ‘Y202 ‘S60YTCST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

92.6% of its initial tensile stress and strain, respectively. Even af-
ter undergoing ten cutting-healing cycles at the same position,
the hydrogel could restore over 99% of its electrical conductivity.

Besides, the introduction of nanocomposites (e.g., nano
clay,’192] MXene,®>¥ etc.) also provides another effective ap-
proach to form reversible ionic interactions. The ionic interac-
tions between the contained ions or modified surface ligands
of nanomaterials and polymer chains drove the reformation
of nanocomposites-based SHHs. Nano-clays have been widely
used as mechanical nano-reinforcer due to their ultrathin (ca.
1 nm) and high aspect ratio structural features (ca. 1000). The
abundant —OH groups also make nano-clays easy to be mod-
ified, and enable them to cross-link with polymeric backbones
to prepare SHHs.**l Zhu et al. reported a self-healable ionic
gelatin/PAM/clay hydrogel (GPNs gel) based on ionic interac-
tions by introducing nano-clays.®!l The clay nanosheets, rich in
Na*, Mg?*, and Li*, dispersed in the networks of gelatin/PAM
hydrogels and formed electrostatic interactions with —COOH
and —NH, groups in PAM and gelatin. It significantly im-
proved the SHE of the resultant hydrogels in comparison with
gelatin/PAM DN hydrogel without the clay nanosheets. Specifi-
cally, the SHE increased from 53% (healing 40 h, ~37 °C) to ap-
proximately 80% (healing 1 h, RT). Apart from nano-clays, MX-
ene was also a star material for constructing self-healing con-
ductive hydrogel. A MXene composite-based self-healable con-
ductive hydrogel was constructed by introducing MXene into
PAA/calcium ions (Ca?*) networks (Figure 5b).*] Due to the
rapid reformation of ionic interactions between calcium ions and
-OH from MXene sheets and -COOH from PAA chains, the hy-
drogel could rapidly self-repair after damage. It exhibited ~100%
conductive recovery and reproducible electrical self-healing abil-
ity of ~#100% even after five healing cycles.

Zwitterionic polymers are a kind of ionic polymers pos-
sessing both positively and negatively charged groups in
one monomer unit,**’ such as poly(sulfobetaine methacry-
late) (PSBMA)[®8-1%01 and poly(2-methacryloyloxyethyl phospho-
rylcholine) (PMPC),[1"19] which have been recently used to as-
sist SHHs via dipole—dipole interaction (Figure 4b). For instance,
Wang et al. prepared a zwitterionic nanocomposite-based SHH
(L4S90) by radically polymerizing PSBMA and 2-hydroxyethyl
methacrylate (HEMA) under Laponite XLG (Figure 5¢).}%! Due
to the covalent networks and the dipole—dipole interaction be-
tween the positive and negative groups in the zwitterion polymer
chains, the hydrogel exhibited a stretchability of ~#2000% and a
fracture toughness of up to 2.45 MJ m~>. Owing to the reversibil-
ity of dipole—dipole interaction, the resistance of the reconnected
L4590 hydrogel could recover to its original level within 11 s. The
SHE of the fracture strength was ~74% after 24 h. In another
research, a self-healable polydopamine (PDA)/clay/PSBMA hy-
drogel with robust adhesion to human tissues was developed.!®!
The recontacted interface was blurred after the broken hydro-
gel healed for 10 h at RT. The SHEs in fracture strength
and electric resistance reached 80% in 24 h and 97.6% in 2
s, respectively. Zhang and co-workers proposed an injectable
and self-healable RT-formed PEDOT: PSS hydrogel cross-linked
by 4-dodecylbenzenesulfonic acid.'® The reconnected hydro-
gel could heal within 5 min via the reformation of broken
n—n stacking and electrostatic interaction between PEDOT*
and PSS~. Furthermore, dynamic ion-dipole interaction as a
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kind of ionic interaction could also be used to prepare SHHs
(Figure 4c). Ion—dipole interaction generally formed between
cationic polymers (e.g., poly N, N-dimethylamino ethylacrylate
(PDMAEA)!1%1%]) or anionic polymers (e.g., poly sodium p-
styrenesulfonate (PNaSS)!171%]) and ions with opposite charges.

Overall, the ionic interactions-based self-healing mechanism
essentially relies on the reversible electrostatic interactions of op-
positely charged ions. Due to its higher bonding energy than that
in H-bonds, it can contribute to SHHs with improved mechanical
strength and performance stability. Compared to dynamic cova-
lent bonds discussed in the following sections, this mechanism
also possesses the advantages of facile cross-linking under ambi-
ent environment (such as room temperature), rapid self-healing
speed (within seconds), and high dynamic reversibility. Further-
more, as ionic cross-links are generally formed by introducing
various metal ions or conductive nanomaterials (such as MXene),
ionic interaction-based SHHs usually have superior electronic or
ionic conductivity or both, which can be widely employed in soft
bioelectrodes, wearable sensors, supercapacitors, conductive cir-
cuits, as well as self-healing ionic skin.[10%110]

2.1.3. Metal Coordination Interaction

Metal coordination interaction stands for a promising mecha-
nism for developing SHHs. It works by forming dynamic and re-
versible interactions among transition metal ions with vacant or-
bitals or functional groups with lone pairs of electrons as ligands
(Figure 6a).l''! It exhibits multiple molecular parameters (e.g.,
metal ions, counterions, and ligands) and a vast range of acces-
sibility with numerous applicable functional metal ions and lig-
ands, and is prone to undergo spontaneously.''?] These unique
advantages endow metal coordination interaction-based SHHs
with a broadly tunable bond strength, diverse approaches to con-
stitute, and an appealing capacity to self-heal without external
stimuli. Metal coordination interaction exhibits bond energies in
the range of 60-300 k] mol~!, which is much higher than those
in noncovalent dynamic bonds such as H-bonds (1-63 k] mol 1),
van der Waals force (typically 2-20 k] mol~'), and z—= stacking
(typically < 10 k] mol=1).[62113] Additionally, it is possible to con-
trol the strength of coordination bonds from 25% to 95% of a
covalent bond by selecting different ligands and metal ions.[>%114]

To date, metal coordination interactions for SHHs include
metal ions-carboxylate,!''>"117] metal ions-catechol coordination,
and metal ions coordination with other ligands, such as phos-
phonate, azolate, amine, pyridine, etc. Derived from —COOH
groups in carboxylate and —OH groups in catechol, metal coor-
dination is often accompanied by H-bonding to prepare SHHs.
For instance, a nanocomposite-based SHH was developed by
introducing TEMPO-oxidized cellulose nanofibers/carbon nan-
otubes (TOCNF/CNTs) into the PAA networks with Fe?* as ion
cross-linkers and MBAA as the covalent cross-linkers.''®] The
—COOH groups existing in TOCNFs and PAA chains formed
dynamic and reversible coordination with Fe**. The mechani-
cal and electrical SHEs of the resultant hydrogel reached 98.36%
and 99.99% after 24 h of healing, respectively. The metal ions-
carboxylate coordination interaction was also utilized to pre-
pare chitosan (CS)/PAA/PPy-based SHHs.[''”] The introduced
Fe** autonomously cross-linked the AA and CS polymers by
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Figure 6. Mechanism schematic of SHHs based on metal coordination interactions and the prepared SHHs. a) Schematic illustration of the typical
metal coordination interactions. b) Schematic of the preparation and internal interactions of the SHH formed by Fe3* coordination interaction and the
photographs of the healed hydrogel. Reproduced with permission.l""”! Copyright 2021, American Chemical Society. c) The SHH prepared by Fe3* and
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forming coordination interactions with —COOH groups in PAA
and —NH, in CS under RT (Figure 6b). The SHE of the hy-
drogel in tensile strength was 93% after 9 h of healing in the
air. To study the contribution of metal coordination interaction
in the self-healing property, a CS/PAA/PPy hydrogel without
Fe** was prepared for comparison and showed a SHE of 39.6%,
which was much lower than that of the hydrogel containing
Fe3*. It was concluded that the coordination of Fe**-NH, and
Fe3*-COOH mainly determined the self-healing ability. Since the
coordination interaction between Fe** and -COOH groups is
pH-insensitive, this strategy has been widely adopted for SHHs
preparation.[119-121]

Metal ions-catechol coordination is also frequently used for
synthesizing SHHs, typically forming stable bis- and tris-
complexes under alkaline conditions.!'?2123] Liang et al. designed
an antibacterial SHH by harnessing dual-dynamic-bond cross-
linking among Fe3*, protocatechualdehyde (PA), and quater-
nized chitosan (QCS) (Figure 6¢).'?*] The self-healing capacity
was derived from the metal coordination interactions among
Fe*, catechol groups of PA, and the amino groups of QCS.
The healed hydrogel showed no cracks within 2 h and could be
stretched ~200%. Jia and co-workers constructed a novel dual
self-catalytic SHH with conductive, tough, and transparent prop-
erties composed of Fe** and catechol-based molecules.[!?] Af-
ter 6 h healing, the recontacted hydrogel could restore 85%
of its stretchability (0.6 wt% Fe**), 90% of its maximum ten-
sile strength (0.8 wt% Fe**), and nearly 98% of its conductiv-
ity (1 wt% Fe®*). The excellent SHE stemmed from the effi-
cient reformation of dynamic metal coordination bonds among
the Fe**, and —COOH groups in PAA and catechol groups in
dopamine. Besides, benefiting from the good adhesive property
of catechol groups, Jin et al. developed a tissue-adhesive and
printable SHH consisting of TA, carboxymethyl cellulose, and
metal ions (e.g., Fe*).[1?6] Owing to the metal ions-phenolic
coordination and multiple H-bonds in the network, the bro-
ken hydrogel could be rapidly reconstructed. The rapid and
in situ preparation of the hydrogel on the skin surface by 3D
printing could further promote SHHs for engineering bioelec-
tronics. Recently, Jin and co-workers proposed a novel strat-
egy based on metal ions-catechol coordination for preparing
long-lasting SHHs.['?’] As illustrated in Figure 6d, by utilizing
the ferritins’ function of bidirectionally providing and retriev-
ing Fe**, the lasting Fe**-catechol coordination was achieved.
A comparison between the self-healing effects of directly Fe3*-
mediated and ferritin-mediated catechol-functionalized hydro-
gels verified that this strategy could prolong the lifetime of self-
healing properties for phenolic-based hydrogels. Although the
metal ions-catechol strategy has been widely exploited, key is-
sues, such as controlling the degree of catechol oxidation un-
der alkaline conditions in air and overcoming the low solubil-
ity of ferric ions that hinder the production of sufficient ions-
catechol cross-links, still need to be addressed.?®) Apart from the
two types of metal-ligand coordination mentioned above, other
metal coordination interactions have also been developed for con-
structing SHHs, including Zn?*-histidine coordination,!'*] Ni**-
pyridine coordination,!’*] Au-thiolate coordination,3!l Ag*-
bisphosphonate coordination,[!3% etc.[>%133]

In all, metal coordination interaction-based self-healing mech-
anisms are dependent on the proper selection of the metal ions
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and corresponding ligands, which generally exhibits a more sta-
ble bonding and thus results in much higher mechanical prop-
erty than other mechanisms based on reversible non-covalent
bonds.!®] Owing to their wide accessibility in the used metal ions
and ligands, SHHs based on this mechanism feature a broad
range of tunability in their mechanical strength, contributing to
developing bioelectronics with a variety of softnesses and thus en-
abling initiate contact with different human tissues.l"33! In addi-
tion, given that some introduced metal ions possess excellent bi-
ological activity, such as antibacterial properties (e.g., Cu?*, Ag*),
metal coordination interaction-based SHHs hold significant po-
tential for constructing soft electronics with therapeutic effects,
such as anti-infection during wound healing or wearable sens-
ing. Moreover, the incorporation of polyphenol groups in most
metal coordination interaction-based SHHs can facilitate the de-
velopment of self-adhesive bioelectronics.

2.1.4. Host—Guest Interaction

Host—guest interactions are significantly important in construct-
ing SHHs because they combine various noncovalent interac-
tions among multiple complementary compounds, such as H-
bonding, ionic, z—= stacking, and hydrophobic interactions. This
mechanism can form dynamic and reversible cross-links, and
endow hydrogels with increased binding forces and complexa-
tion via fixed host-guest geometry and directionality.[1313¢] Typ-
ically, the host is a kind of macrocyclic molecule that contains
unique or specific cavities, and the guest molecules possess com-
plementary shapes and physical or chemical properties.!'3:13]
Hydrophobic interactions induced self-assembly is the dominant
driving force for most macrocyclic molecules to encapsulate the
guest molecules. To date, a diversity of host molecules, includ-
ing calixarenes (CAs), cyclodextrins (CDs), cucurbit[n]urils (CBs),
cyclophanes, pillar[njarenes, and crown ethers, have been pro-
posed (Figure 7a). Among these, CDs(13%1%40] and CBs,!*!l pos-
sessing hydrophobic cavities and hydrophilic surfaces, respec-
tively, have been widely used to selectively encapsulate various
guest molecules, such as ferrocene (Fc),[1**) adamantane (Ad),!'*!
and azobenzene (Azo),'*¥] to prepare SHHs.['*]

The aforementioned host and guest molecules can be grafted
on the branches of polymer chains (e.g., PAA chain, PAM chain,
etc.) to impart hydrogels with the self-healing ability through
the grafted-molecules induced host-guest interactions. For
example, Nakahata and co-workers constructed a self-healable
supramolecular hydrogel based on PAA by introducing p-
cyclodextrins and ferrocene as the host and guest molecules,
respectively (Figure 7b).1¢] Its healing capacity stemmed from
the host-guest interactions between the grafted f-CDs and fer-
rocene on PAA chains. After rejoining for 24 h at RT, the cracks
in the fractured hydrogel disappeared, and its adhesion strength
could recover 84% of its initial value. Similarly, a supramolecular
p-CDs-Ad-Fc hydrogel capable of self-healing by utilizing two
kinds of host-guest inclusion complexes was also developed.['*’]
Another strategy to develop host-guest interaction-based SHHs
is to copolymerize host-guest supramolecules (HGSMs) with
other polymers, monomers, or cross-linkers.['*! Based on this
strategy, Wang et al. synthesized a rapidly self-healing HGSM
hydrogel by utilizing the host-guest interaction between the
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Figure 7. Mechanism schematic of SHHs based on the host-guest interactions and the prepared SHHSs. a) Schematic of the host-guest interaction and
typical host and guest molecules. b) Schematic of PAA chains grafted with 8-CD and Fc groups, photographs of the healing process. Reproduced with
permission.[46] Copyright 2011, Springer Nature. ) Schematic of the preparation and self-healing mechanism of HGSM hydrogel and photographs
of the healing hydrogels. Reproduced with permission.['#8] Copyright 2021, American Chemical Society. d) Schematic of the preparation and internal
reversible interactions of the f-CD-based SHHs by combining host—guest interaction and borate ester bonds. Reproduced with permission.["2] Copyright

2021, American Chemical Society.

isocyanatoethyl acrylate modified g-CDs (f-CD-AOIL)) and
2-(2-(2-(2-(adamantyl-1-oxy)ethoxy)ethoxy)ethoxy)ethanol  acry-
late (A-TEG-Ad), and UV-initiated-radical polymerization
(Figure 7¢).1*] As a result, the prepared HGSM hydrogel was
able to autonomously self-repair within 60 min. On this basis, a
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self-healing supramolecular hydrogel (HGGelMA) was further
developed through the copolymerization between the arms of
HGSMs and gelatin methacryloyl (GelMA).'*] The bisected
hydrogel could be interconnected after 1 h of healing through
reestablishing the host-gest interactions between the Ad and
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(b) Acylhydrazone regeneration

Figure 8. Designing strategies of SHHs based on dynamic covalent bonding interactions. a) Imine reformation. b) Acylhydrazone regeneration. c) Oxime

rebonding. d) Borate ester rebonding.

B-CD molecules. The mechanical SHE could increased to ~80%
with the increase of the HGSMs concentration. Besides, SHHs
utlizing host-guest interactions between host molecules (CDs,
CBs, cyclophanes, etc.) and other guest molecules (cholic acid,
carborane, azobenzene, etc.) have also been reported.[150-1>2]

The host-guest interactions were often combined with other
interactions or network design strategies to obtain SHHs with
improved multifunctional properties, mechanical strength, and
conductive ability. Liu and co-workers constructed a multifunc-
tional DN SHH through the host-guest interaction between -CD
and Fc combined with the dynamic borate ester bonds between
PVA and borax (Figure 7d).[1*2] Owing to its DN structure, the hy-
drogel exhibited a stretchability of 436% and a fracture strength
of 41 kPa. Importantly, it possessed a high mechanical SHE of
95% in 5 min because of the introduced multiple reversible in-
teractions.

To summarize, host-guest interaction is formed by selective
bonding between the host and guest molecules, which contains
a variety of non-covalent interactions such as H-bonding, ionic,
#- stacking, and hydrophobic interactions. This unique charac-
teristic can be exploited to construct SHHs with good binding
affinity, multifunctional bio-interfaces, stimuli-responsive ability,
and specific molecular recognition capacity. In light of these fea-
tures, host-guest interaction-based SHHs show great prospects
in developing various biosensors and actuators for biochemical
sensing and controllable drug delivery, as well as bioelectronics
with shape memory ability. However, since the host-guest inter-
action is derived from several weak bonds, the resultant SHHs
or bioelectronics show unmet mechanical properties.[>%]

2.1.5. Dynamic Covalent Bonding
Dynamic covalent bonding is a kind of chemical reaction where

the covalent bonds can be destructed and reformed reversibly
under mild conditions (Figure 8).113315* Tts dynamic property is
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implemented by maintaining the chemical equilibrium status of
the reversible reaction. Numerous covalent bonding cross-links
are produced to compose a 3D network structure while the re-
versible reaction achieves its equilibrium.>! Consequently, this
kind of chemical cross-linking endows hydrogels with improved
stability and mechanical strength compared with physical cross-
linking (such as H-bonds, ionic interaction, and host-guest inter-
action). It shows great promise in constructing SHHs with tough
mechanical properties. To date, diverse dynamic covalent bond-
ing interactions have been devised for SSH synthesis, including
dynamic imine bonds, acylhydrazone bonds, oxime bonds, and
borate ester bonds (Figure 8).

Among different dynamic covalent bonds, the imine bond is
one of the most used covalent bonding mechanisms because of
its facile acquirement under common physical conditions and
a broad range of sources for its functional groups. Generally,
imine bonds are formed via the condensation reaction between
electrophilic carbonyl compounds and amino groups, which are
relatively abundant in natural polymer materials, such as chi-
tosan, gelatin, and collagen.['*157] For example, chitosan con-
tains a large number of amino groups on its backbone, which can
be well exploited to synthesize multifunctional SHHs by forming
imine bonds with aldehyde groups. Chitosan derivatives with bet-
ter water solubility and biological performance than chitosan are
more attractive in developing SHHs, such as O-carboxymethyl
chitosan (CMC), glycol chitosan, and quaternary ammoniumyl
chitosan.["*®1>] Liu et al. developed a CC-DP-based SHH by mix-
ing CC and dibenzaldehyde-terminated telechelic PEG (DP).[1%]
The rejoined hydrogel could form an integrated gel and with-
stand a certain stretchability, and its storage modulus could re-
cover close to 100% at the low strain sweep of 1% even after re-
peated healing cycles. Similarly, a dynamic SHH cross-linked by
benzaldehyde-terminated four-arm PEG and carboxymethyl chi-
tosan was reported for the potential hemostatic material.[*!]

Despite the wide use of dynamic imine bonds between amine-
containing and aldehyde-functionalized natural polymers to

© 2024 Wiley-VCH GmbH
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Figure 9. SHHSs based on dynamic covalent bonding interactions. a) Schematic of the dynamic interactions in self-healing copolymer hydrogel formed

by imine bonds, photographs of the self-healed hydrogel. Reproduced with

permission.!162] Copyright 2019, John Wiley & Sons. b) Mechanism schematic

of self-healing biomass-based nanocomposite hydrogel formed by acylhydrazone bonds. Reproduced with permission.['%4] Copyright 2019, Elsevier. c)
The self-healing mechanism of P(DMA-stat-DAA) hydrogels based on oxime bonds, photographs of the cutting-healing processes of SHHs. Reproduced
with permission.['73] Copyright 2015, Royal Society of Chemistry. d) Schematic of components and internal interactions of self-healing PVA/SF/TA/Borax
hydrogel, the healing mechanism based on borate ester bonds and H-bonds, and the mechanical self-healing property. Reproduced with permission.!177]

Copyright 2021, American Chemical Society.

prepare SHHs, the functionality of natural polymer hydrogels
cannot be easily adjusted to the required extent, such as the
weak mechanical strength. Therefore, imine bonds-based syn-
thetic SHHs with controllable mechanical properties were ex-
ploited and investigated in-depth in their mechanisms. For ex-
ample, Jiang and co-workers proposed a rapidly self-healing
freeze-thawed DN hydrogel consisting of H-bonds and imine
bonds.!1%2] Tt was obtained by designing a copolymer based on
oligo(ethyleneglycol) methacrylate (OEGMA), poly(methacrylic
acid) (PMMA), and 4-hydroxybenzaldehyde (poly(MAA,;,-co-
BA,y-c0-OEGMA,;)), and further cross-linking with ethylenedi-
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amine (EDA) (Figure 9a). Dynamic imine bonds formed by alde-
hyde groups (-CHO) and EDA imparted the prepared hydrogel
with a fast self-healing speed. The reconnected hydrogel could
withstand stretching without breakage after 2 min healing be-
cause of the rapid exchanging kinetics of both imine and H-
bonds in its cracked surfaces. Its tensile strength could restore
84% of its initial value after 50 min healing at RT, manifest-
ing a fast and effective self-healing behavior. Furthermore, the
SHE of freeze-thawed hydrogels can be improved by increas-
ing the healing time and imine cross-linking densities within
a certain range. Besides, Wang et al. developed an injectable
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SHH by mixing a multifunctional triblock copolymer (PFM-
NMF) and polyethyleneimine (PEI).[13] With the reformation
of imine bonds between -CHO from PFMNMF and -NH, from
PEI, the jointed surface of hydrogels completely disappeared after
30 min healing at RT. The self-healing mechanisms at the molec-
ular scale were investigated by quantitatively probing the inter-
action forces between PFMNMF and PEI in phosphate buffer
saline solution at pH 7.4 with a surface force apparatus. It was
demonstrated that the adhesion force between PEMNMF and
PEI mainly stemmed from the formed dynamic imine bonds.
The adhesion force increased from 9.8 to 14.0 mN m™! with the
contact time increasing from 5 to 30 min, which was ascribed
to the increased imine bonds under the long contact time. The
adhesive force leveled off at 30 min, suggesting that the reaction
between the benzaldehyde and amine groups reached an equi-
librium state across the two surfaces. This work provided insight
into the self-healing mechanism at the nanoscale.

Acylhydrazone bonds have also been considered as an efficient
and reliable approach to constructing SHHs, which form via re-
versible condensation between hydrazine or hydrazide and alde-
hyde/ketone. Notably, the acylhydrazone bond is much more sta-
ble than the imine bond and prone to achieve chemical equi-
librium in ambient circumstances. For instance, Xiao and co-
workers prepared a biomass-based SHH by cross-linking dialde-
hyde CNCs (DACNCs) with acylhydrazine-terminated polyethy-
lene glycol (HZ-PEG-HZ) (Figure 9b).1*%* The introduced acylhy-
drazone bonds endowed the hydrogel with the self-healing prop-
erty under an acid catalyst. Its self-healing ability could be flex-
ibly controlled via the concentrations of the gelator (DACNCs,
HZ-PEG-HZ), catalyst, pH value, as well as healing time. Specif-
ically, the SHE of hydrogels with 20.1% and 14.4% gelator con-
centrations could approach 92.0% and 97.5%,respectively, under
a certain healing time at pH 2.5. The hydrogel with a gelator con-
centration of 20.1% exhibited higher mechanical strength but re-
quired a longer time to recover. This could be ascribed to the
weakening of polymer chain fluidity and the hindrance of the
tighter network structure cross-linked by the acylhydrazone bond
exchange reaction. Zhu et al. prepared a kind of oxidized alginate
(OSA)-PAM-Fe,0,-CNCs ionic hydrogel by combining metal co-
ordination interaction with acylhydrazone bonds.['*] This ionic
gel could rapidly self-heal within only several seconds, and the
healing efficiency of tensile stress could reach up to 93.54%.
Analogously, plenty of polymers containing hydrazine groups on
their own or after modification were developed to fabricate mul-
tifunctional SHHs by harnessing acylhydrazone bonds.[16¢-16]
With the further introduction of adipic acid dihydrazide, SHHs
based on imine and acylhydrazone bonds with stronger mechan-
ical performances were reported.['70-172]

Oxime bonds with a linkage similar to imines are another
promising option for constructing SHHs. They are produced
through the reaction between hydroxylamine (R-O-NH,) and
aldehyde/ketone, which exhibit enhanced hydrolytic stability
and breaking strength in comparison with imine and acyl-
hydrazone bonds.['**! Mukherjee and co-workers proposed an
oxime-functional SHH by chemically cross-linking copolymers
(P(DMA-stat-DAA)) formed by polymerizing DMAA and diace-
tone acrylamide (DAA) with difunctional alkoxyamines via oxime
bonds (Figure 9¢).I'”3] The reconnected hydrogels could self-heal
within 2 h and withstand a certain stretching and weight. Besides,
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Nadgorny et al. cross-linked poly(n-hydroxyethyl acrylamide-co-
methyl vinyl ketone) with bifunctional hydroxylamines and de-
veloped a 3D-printable macro-porous hydrogel, which could fully
and rapidly self-heal without any additional stimuli.l'”*]

Recently, borate ester bonds were highly concerned for prepar-
ing SHHs, which were produced through the transesterification
reaction of boronic acids or their derivatives with cis-diols (1,2-
diols or 1,3-diols),!'”*] featuring fast and multiple self-repair ca-
pacities. For instance, Shin et al. proposed a novel self-healing
multifunctional Alg-BA/OEGCG/NaCl hydrogel based on the bo-
rate ester bonds between boronic acid-modified alginate (Alg-BA)
and oligomerized epigallocatechin-gallate (OEGCG).['7¢] The re-
joined hydrogel could perfectly blend into a whole without ob-
vious fracture cracks. The consistent storage and loss modulus
again exhibited its splendid healing capability. Furthermore, the
SHH displayed its function in EMG signal recording as an im-
plantable electrode. Besides, Zheng et al. designed a conductive
SHH by cross-linking PVA, SF, borax, and TA based on the syner-
gistic effects of borate ester bonds and H-bonds (Figure 9d).I'””]
The borate ester linkage between borate ions and the hydroxyl
groups from TA and PVA imparted the prepared hydrogel with re-
markable self-healing capacity and stretchability (>1000%). The
rejoined hydrogel could withstand tension by hand after contact-
ing for 30 s, and its mechanical SHE reached 82.26% after healing
for 60 s. After several cutting-healing cycles, its resistance could
recover to its initial value in 1.3 s, indicating rapid self-healing
capability. Based on the excellent self-healing ability of borate es-
ter bonds formed between the PVA chain and borax, numerous
PVA-based composite SHHs have been developed.!'78-181]

Although dynamic borate ester bonds have demonstrated their
effectiveness in constructing SHHs, their reformation requires
specific pH conditions (generally pH range from 7 to 9) and
thus additional alkaline regulators.!'82183] Therefore, researchers
were devoted to developing dynamic borate ester bond-based
SHHs without additional alkaline regulators. For instance, Ji
et al. created a SHH based on dynamic borate ester bonds by
directly mixing N-methylol acrylamide (NAM) and 1,4-benzene
diborane acid (BDBA) with dimethylaminoethyl methacrylate
(DMAEMA).["¥] Specifically, the DMAEMA was utilized as an
alkaline monomer to promote the borate ester bond formation,
which could avoid using an additional alkaline regulator. The
influences of DMAEMA, BDBA, and NAM concentrations on
self-healing properties were explored in detail. All of them con-
tributed to increased SHE within certain concentration ranges,
but produced the opposite effects above the given ranges. In ad-
dition, the SHE enhanced with the contact time but descended
with increasing separation time. The optimal hydrogel success-
fully achieved a fracture stress recovery of 91% within 1 h and a
fracture strain of 100% after 24 h.

In all, compared to non-covalent bonds, dynamic covalent
bonds generally have higher bonding energy, which can con-
tribute to SHHs with stronger mechanical strength. However,
their dynamic and reversible cross-linking has a high depen-
dence on environmental conditions (such as pH condition
and temperature), resulting in decreased SHE and self-healing
speed. In particular, imine bonds exhibit moderate chemical
stability but are vulnerable to hydrolysis, and can be easily at-
tacked in acidic conditions. This characteristic makes the imine
bonds-based SHHs suitable for developing soft bioelectronics
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involving degradability and pH-responsibility, such as bioab-
sorbable smart bandages, degradable cardiac patches, and elec-
tronic epineurium.[!>3! Acylhydrazone networks generally feature
a higher reactivity and better stability than imines.>®] However,
they are sensitive to temperature and pH. Therefore, acyhydra-
zone bonds-based SHHs are commonly used as injectable hy-
drogel carriers in living organisms, microactuators for drug de-
livery, and conductive electrodes for adjuvant therapy. Since the
lone pair of electrons in the oxygen adjacent to the C=N bond
increases the stability of the oxime bonds, oximes-based SHHs
generally exhibited less swelling effect, slower degradation ki-
netics, and tunable mechanical properties, making them attrac-
tive for long-term implantable bioelectronic applications.>%1%%]
Borate ester bond-based SHHs offer advantages such as rapid
gelatin, and superior mechanical properties, while they are highly
sensitive to the environment, such as acid, reductive agent,
and glucose.!’®] Therefore, they have promising applications
in stimuli-responsive bioelectronics for drug delivery and re-
versible glues.'®] In addition, due to the presence of catechol,
they are also desirable to develop various electronic skins, wear-
able sensors, and implantable patches with self-adhesive capaci-
ties. Therefore, SHHs based on different dynamic covalent bonds
exhibit distinct characteristics in specific circumstances. The ra-
tional design of SHHs at the molecular level is crucial to achiev-
ing optimal performance for suitable bioelectronic applications.

2.1.6. Multiple Synergistic Interactions

To promote practical applications of SHHs in biological, sens-
ing, and actuation or robotic fields, both excellent self-healing
and mechanical properties are required. However, as mentioned
in previous sections, SHHs based on a single self-healing mech-
anism have obvious limitations, such as limited SHE, limited
healing cycles, and difficulty in compromising self-healing abil-
ity and mechanical strength. For instance, H-bonding can endow
hydrogels with high dynamic and reversible cross-linking ability;
nevertheless, they suffer structural instability and poor mechan-
ical properties. SHHs based on dynamic covalent bonds gener-
ally possess improved mechanical strength and stability while
lower SHE, healing speed, and longer healing time. The com-
bination of multiple synergistic interactions provides a feasible
solution to these issues. This makes it possible to merge the ad-
vantages of different interaction mechanisms and achieve syner-
gistic improvement in self-healing, mechanical, conductive per-
formances, etc.1%]

For example, Das and co-workers prepared a novel DN SHH
(PSUGF-2) composed of poly(4-styrene sulfonate-co-methyl-
uracil-imidazolium) chloride (PSS-MUI), gelatin, and Fe** by si-
multaneously involving H-bonding, ionic and metal coordina-
tion interactions (Figure 10a).['®8] The prepared hydrogel exhib-
ited excellent healing ability, strength, and stretchability. Its ten-
sile strength reached 97% of the original value after 2 h of heal-
ing, showing almost completely restored mechanical properties.
Its conductivity slightly decreased after 3 cutting-healing cycles.
These results proved that multiple synergistic interactions could
significantly improve the self-healable, mechanical, and electri-
cal properties. Besides, Pan et al. fabricated an antibacterial SHH
based on triple physical interactions (H-bonding, ionic, and coor-
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dination interactions) by cross-linking Al** and CMCS nanopar-
ticles (NPs) with PAA chains (Figure 10b).[**¥] Due to the strong
triple-cross-linked network and dynamic interactions, the hydro-
gel exhibited a fracture elongation of 1930% and an excellent self-
healing capability of 92.9% and 98.8% in stress and strain within
24 h, respectively. Differently, Mo and co-workers designed a
SHH with high stretchability and adhesive performance by mix-
ing TA with AA, (3-Acrylamidophenyl) boronic acid (AAPBA),
and Ca?+.1%1 With abundant catechol groups, TA served as a key
mediator molecule to form H-bonds, borate ester bonds, and co-
ordination bonds with Ca’*. Due to the introduction of multiple
energy dissipation mechanisms, the hydrogel exhibited an ultra-
stretchability of 7300% and a robust interfacial performance (50
kPa adhesion on porcine skin). The tensile strength could restore
60.98% after 24 h of healing, and the conductivity could rapidly
recover in 0.88 s upon damage. In addition, disulfide, hydrogen,
and Fe**-carboxylate coordination bonds were also simultane-
ously utilized to enhance the overall performances of SHHs.['!]

In particular, incorporating nanomaterials has been proven
to be an appealing approach to enhancing the comprehen-
sive performance of SHHs. The abundant functional groups,
conductive ions, large aspect ratio, and remarkable reinforce-
ment effect of nanomaterials can potentially introduce multi-
ple dynamic bonds (e.g., H-bonds), improving both the con-
ductivity and mechanical properties. Huang et al. constructed a
multi-component SHH based on TA, poly(allylamine hydrochlo-
ride) (PAH), PAA, poly-(N-isopropyl-acrylamide) (PNIPAM), and
graphene by combining multiple dynamic intermolecular inter-
actions (Figure 10c).I*?] These interactions included multiple H-
bonds, ionic interactions between PAH and PAA chains, -7
stacking interactions between graphene and TA, and cation-z in-
teractions between PAH and aromatic benzene rings. Among
them, graphene assisted in improving mechanical and electrical
properties because of the introduction of H-bonds and 7= stack-
ing interactions and a compact conductive network. The resultant
hydrogel exhibited a tremendous fracture strain of 1420%, an im-
pressive mechanical SHE of 87%, and a fast recovery speed of 201
ms in the electrical conductivity after 3 healing cycles. Besides,
Wu et al. devised a conductive SHH via one-pot polymerization
of AAm and 2-aminoethyl acrylamide hydrochloride (AEAM) and
incorporation of carboxyl-functionalized multiwall CNTs (MWC-
NTs), LiCl, and aldehyde-modified Pluronic F-127 (F127-CHO)
(Figure 10d).%*1 The self-healing ability was obtained by combin-
ing the H-bonds between polymer chains, the imine bonds be-
tween -NH, from P(AM-co-AEAM) copolymer chains and F127-
CHO micelles, and the ionic interactions between AEAM and -
COOH on the surfaces of MWCNTS. The multiple internal inter-
actions, further combined with nanofiller reinforcement and mi-
celle cross-linking, endowed the resultant hydrogel with a broad
spectrum of performances, including a stretchability of 1200%,
an exceptional elasticity (recovery from 1000% strain), a SHE of
53%, and a conductivity of 3.96 S m~!. The superior mechanical
property could be ascribed to the nanocomposite network con-
structed by MWCNTTS, which exhibited an advanced reinforce-
ment effect on the hydrogel system. Various other nanomate-
rials, such as clay nanosheets,['** were also widely employed
for tough and conductive SHH synthesis. The mechanisms and
main performances of typical autonomous SHHs are summa-
rized in Table 1.
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Table 1. A summary on the mechanisms, materials, and mechanical and healing performances of autonomous SHHs.
Self-healing mechanism Hydrogel materials Stretchability Maximum stress Self-healing Self-healing Refs.
[MPa] properties efficiency
Hydrogen bond PAM/SA - ~0.266 Tensile strain 99%, 12 h [66]
SF/P(AM-co-AA) ~1000% ~9.5 Tensile strain; ~50%, 12 h; [82]
conductivity ~100%, 2 min
PVA/TA 3060% 1.365 Tensile strain 57.9%, 12 h 71
PAM-co-PHMA/P ~650% 0.38 Tensile stress; 99%, 12 h; [72]
(St-co-DMAA) conductivity ~100%, 40 s
y-PGA/PEDOT: PSS ~540% ~0.11 Tensile strain; ~90%, 24 h; [73]
conductivity ~100%, 10 s
PVA/PAA/PEGDA ~2000% - Tensile stress 72%, 12 h [74]
lonic interaction PPy/GelMA/Fe** - 0.05 Compressive stress 70%, 0.5 h [88]
TA@CNCs/PAA/PANI ~700% 0.384 Tensile stress; ~98.2%, 24 h; [90]
conductivity 99%, 0.3 s
Gelatin/PAM/Clay ~2400% ~0.06 Tensile stress 85%, Th [97]
PSBMA/HEMA/Laponite XLG ~1100% ~0.09 Tensile stress 74%, 24 h [100]
PDA/Clay/PSBMA ~2000% ~0.225 Tensile stress; 80%, 24 h; [98]
conductivity 97.6%, 2 s
Metal coordination TOCNF-CNTs/PAA 628% 0.33 Tensile strain 98.36%, 24 h [118]
CS/PAA/PPy/Fe** ~850% 0.059 Tensile stress 93%, 9 h; [117]
DA/TA/TP/Fe3+ ~1900% ~0.013 Tensile strain; 85%,6h [125]
tensile stress; ~90%, 6 h;
conductivity ~98%, 6 h
Host-guest interaction A-TEG-Ad/p-CD-AOI, /GelMA 70% ~0.225 Tensile strain and 80%, 1h [149]
stress
p-CD/Fc/PVA/borax 436% 0.041 Tensile stress and 95%, 5 min [142]
strain
PAA-f-CDs/PAA-Fc - - Interface adhesive 84%, 24 h [146]
strength
Imine bond P(MAA-co-BA-co-OEGMA) ~520% ~3.0 Tensile stress 87%, 40 min [162]
CMCS/OCMC/GOx - - Macroscopic the incision nearly [195]
disappeared, 5 h
Acylhydrazone bond DACNCs/HZ-PEG-HZ 45% ~0.15 Tensile stress ~100%, 24 h [164]
DCMC/DTP/CNFs - ~0.108 Compressive stress 89.8%, 1h [196]
OSA/PAM/Fe;O,/CNCs ~1100% ~0.026 Tensile stress 93.54%, 10 min [165]
Oxime bond P(DMA-stat-DAA) - - Macroscopic withstand its weight, [173]
2h
Borate ester bond BDBA/DMAEMA/NAM 542% 0.368 Tensile stress; 91%, 1h; [184]
Tensile strain 100%, 24 h
PVA/Borax/SF/TA ~1100% ~0.017 Tensile stress; 82.26%, 60 s; [177]
conductivity ~100%, 1.3 s
PVA/Borax/SA/TA ~780% ~0.022 Tensile stress 93.56%, 10 min [197]
Hydrogen bond, lonic PSS-MUI/Gelatin/Fe** ~1500% 0.02 Tensile stress; ~97%, 4 h; [188]
interaction, and Metal conductivity ~100%
coordination
Hydrogen bond, AA/AAPBA/TA/CaCl, ~7300% ~0.05 Tensile strength 60.98%, 24 h; [190]
Metal coordination, and conductivity ~100%, 0.88 s
Borate ester bond
Hydrogen bond Gelatin/DATNFC/Fe? ~70% ~1.3 Tensile modulus; 45.3%, 10 min; [198]
Metal coordination, and conductivity ~100%, 0.1s
Imine bond
Hydrogen bond, lonic Poly (AM-co-AEAM) [F127- 1200% ~0.15 Tensile strain; 97%, 1 min; [193]
interaction, and Imine CHO/MWCNTs/LiCl compressive strain 100%, 1 min

bond
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Figure 10. SHHSs based on multiple interactions synergistically. a) Schematic of the self-healing mechanism of gelatin/PSS-MUI/Fe3* hydrogels formed
by H-bonds, ionic and metal coordination interactions. Reproduced with permission.['®] Copyright 2020, American Chemical Society. b) Schematic
of the internal interactions of the self-healing CMCS/PAA/AI>* hydrogel based on H-bonds, ionic, and coordination interactions. Reproduced with
permission.['®] Copyright 2019, Elsevier. c) Schematic of the internal interactions of self-healing PNIPAM/PAA/PAH/TA/Graphene hydrogels con-
structed by H-bonds, z—z stacking interactions, and electrostatic interactions. Reproduced with permission.['*2] Copyright 2022, Elsevier. d) Schematic

of the internal interactions of self-healing PAAFC-L hydrogel formed by H-bonds, ionic interactions, and imine bonds. Reproduced with permission.

Copyright 2020, Royal Society of Chemistry.

2.2. Stimulus-Triggered Self-Healing Hydrogels

Apart from autonomous self-healing, stimulus-triggered self-
healing is another category widely used in SHH preparation.
This SHH is not able to conduct a self-repair process under am-
bient or mild conditions (such as RT ). The self-healing pro-
cess generally starts under a certain external stimulus, such as
heating, pH, light irradiation, or healing agents. The underly-
ing reason is that their broken bonds require more energy to re-
form than those of autonomous SHHs. Nevertheless, stimulus-
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[193]

triggered self-healing mechanisms also exhibit a lot of specific
merits. First, the increased energy required for dynamic cross-
linking can lead to high bond strength and thus a sufficiently high
mechanical property and stability. Second, since external stimuli
supply the energy needed for bonding formation, the SHE and
speed can be well-tuned through external conditions, showing
decent controllability.['%-21] For instance, the self-healing pro-
cess can be triggered on or off by varying the pH or tempera-
ture conditions.[¥¢202] Additionally, damaged surfaces with long-
term exposure to air can also be healed by controlling the external

© 2024 Wiley-VCH GmbH

8SUS017 SUOLULLIOD BATERID 3ot dde 3Ly Aq peueob 818 S91e VO (88N JO S3INJ 10} ARIQIT BUIUO 4811 UO (SUORIPUOD-PUE-SWBIALIOD" A3 1M ARRIq 1 BU1IU0//SANY) SUORIPUOD PUe S L 84} 39S *[920¢/T0/E0] uo AigiT8uluo Ajim ‘so1reiqr Buoy BuoH JO A1SeAIIN BUL Ad 0SE90EZ0Z BWIPR/Z00T OT/10P/L0d" A5 | 1M AR.q 1 [oul U0 PROURARE//SHNY WO PAPEOIUMOQ ‘TZ ‘Y202 ‘S60YTCST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

stimulus, which can not be realized in autonomous self-healing
processes, showing a robust self-repair ability.?**} Currently, ex-
ternal stimuli used for SHHs include heat, light, pH, and healing
agents. Besides, magnetic and electrochemical stimuli are also
promising trigger sources for the non-autonomous self-healing
process.[204-206]

2.2.1. Heat-Triggered Self-Healing Hydrogels

Among various external stimuli, heating is one of the most effec-
tive strategies to trigger the self-healing process. Heat-triggered
SHHs mainly originate from thermally reversible chemical
bonds or thermo-reversible covalent chemistries, which can be
broken and reformed by setting appropriate temperature condi-
tions. The absorption of heat can increase the potential and ki-
netic energy of damaged chains, thus forming thermo dynam-
ically and kinetically favorable recoupling conditions and en-
abling the self-repairing of networks.?"”] To date, various thermo-
reversible covalent bonds have been constructed, including Diels-
Alder (DA) reactions,[2982%] disulfide bonds, 183219 alkoxyamine
exchanges,[?!12] and diaryl-bibenzofuranonel?"! (Figure 11a).
Among these, the DA reaction holds the greatest promise in
practical application because of its high specificity, high heal-
ing efficiency, simplicity, and repeated healing capacity. As a
[4+2] cycloaddition between an enriched diene and an electron-
deficient dienophile, it can be reversed through a dissociative
retro-Diels-Alder (rDA) reaction at elevated temperatures. Com-
posites containing moieties like furan, anthracene, and cyclopen-
tadiene with the s-cis structure are typical dienes to participate
in DA reactions.?'*] For instance, the furan-maleimide pair is
one of the most prominent DA reaction systems. Shao et al. fab-
ricated a CNC/PEG nanocomposite-based SHH by utilizing re-
versible DA reactions formed between furyl groups incorporated
in CNC and maleimide groups grafted in PEG (Figure 11D).[2%]
The broken hydrogel could well be repaired under 90 °C within
24 h, demonstrating a SHE of 78% in the fracture stress. It was
also verified that the degree of substitution of furyl and the furyl-
to-maleimide molar ratio could significantly affect the healing
efficiency. Besides, a dextran-based SHH was presented by us-
ing fulvene-decorated dextran as the main polymer chains and
dichloromaleic-acid-decorated PEG as the cross-linker.?*! The
cut hydrogel could easily merge into an integral and bear its
weight when incubated at 37 °C for 12 h. By analyzing the scratch
depth before and after healing, its ultimate SHE was estimated
as 98.7% after 7 h of healing. More recently, Zhang et al. de-
signed a gelatin-based DN SHH based on dynamic imine bonds
and DA reactions.[?!*] Owing to the synergetic effect of the au-
tonomous imine bond, the hydrogel exhibited an enhanced me-
chanical strength and a remarkable self-healing capacity at 37 °C.
Similarly, a pectin/chitosan-based SHH was fabricated via DA re-
action and electrostatic interaction, which could self-repair after
damage at 37 °C within 5 h.?'’] Detailed mechanisms for the
aforementioned thermally reversible covalent reactions can refer
to Refs. [153,207,213].

In some cases, heating is also helpful to promote the self-
healing speed and improve the SHE by increasing the fluidity
and molecular kinetics of polymer chains. A heat-triggered self-
healable PNAGA hydrogel with excellent mechanical strength
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and stability was prepared by introducing glycinamide (ami-
dated glycine).’8] Due to the stable dual amide H-bonds in
the networks, a high-temperature stimulus was needed to re-
form the broken bond (Figure 11c). The broken PNAGA hy-
drogel could self-repair with an indistinguishable interface af-
ter healing for 3 h at 90 °C, and its mechanical strength was
up to 1 MPa with a SHE of 84%. Yang and co-workers fab-
ricated a self-healable and multitasking PVA/PNAGA DN hy-
drogel containing hard PVA crystalline micro-domains and soft
PNAGA regions (Figure 11d).219! Although the cut PVA/PNAGA
hydrogel could slightly merge into a single one, its tensile
strength and fracture strain were significantly reduced in com-
parison with its original values. However, after heat treatment
at 90 °C, the healed hydrogel exhibited higher toughness and
elongation, demonstrating an increased SHE. This was because
the reconstruction of the H-bonds in the PNAGA network at
high temperatures was much stronger than at RT. Besides,
by exploiting the thermally reversible nature of k-carrageenan,
self-healing k-carrageenan/PNAGA DN hydrogel was also
developed.[?2]

Although significant progress has been achieved in heat-
triggered SHHs, challenging issues remain to be solved. One of
them is that some thermally reversible reactions require a tem-
perature of more than 100 °C, which may not be directly ap-
plied in physiological environments and is difficult to control
in practical applications. In addition, the structure and perfor-
mance of undamaged regions of hydrogels may suffer injuries
during the heat-triggered healing process. Thus, the applications
of SHHs that heal under high-temperature conditions in soft
bioelectronics need further research, and their trigger temper-
atures can be tuned through invovations in network structures
and cross-linking mechanisms. Anyway, heat-triggered SHHs
within the physiological temperature range can be used in epi-
dermal sensing devices, such as soft temperature sensors, mois-
ture sensors, as well as bioactuators for drug delivery and object
manipulation.[221-223]

2.2.2. Light-Triggered Self-Healing Hydrogels

Light is a promising external stimulus for non-autonomous
SHHs because it features high reaction rates and allows spatial
and temporal control of the healing over damaged areas in a non-
contact approach.[22+25] Light-triggered self-healing process can
proceed based on three main categories of chemistries: reversible
photo-cross-linking reactions between photo-reactive moieties,
photo-induced metathesis reactions, and photo-thermal effects.
The photo-cross-linking reactions involve the reversible pho-
todimerization and photocleavage of chromophores, such as
cinnamoyl, coumarin, and anthracene.[??!] That is, upon dam-
age, the reversible cross-links in polymer networks will first
undergo photocleavage under UV light irradiation of higher
energy (wavelength < 300 nm) to increase the photoreactive
moieties and polymer chain mobility and subsequently rebuild
to heal via photodimerization (such as [2+2] cycloaddition or
[4+4] cycloaddition reactions) by exposing to light with a longer
wavelength (>300 nm). For instance, two coumarin moieties
can form cyclobutane-linked dimers under long-wave UV light
through [2+2] cycloaddition (Figure 12a), and then the dimer
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Figure 11. Schematic of heat-triggered self-healing mechanisms and the prepared SHHs. a) Typical heat-triggered reversible reactions: Diels—Alder and
alkoxyamine exchange. b) Schematic of the preparation and internal interaction of SHHs formed by DA reaction, photographs of the cutting-healing
hydrogel, and the mechanical self-healing property. Reproduced with permission.[2'3] Copyright 2017, American Chemical Society. c) The internal inter-
actions of PNAGA hydrogel, photographs of the cutting-healing hydrogel, and the mechanical self-healing properties. Reproduced with permission.[218]
Copyright 2015, John Wiley & Sons. d) Schematic of self-healing PVA/PNAGA DN hydrogel preparation and internal interactions, photographs of the
healing process, and tensile self-healing property. Reproduced with permission.[21°] Copyright 2021, John Wiley & Sons.

de-cross-links to release two original coumarin groups under
short-wave UV light.??®] Based on this reversible process,
coumarin-contained monomers or polymers could be used
to prepare photo-reversible SHHs. By introducing coumarin
methacrylate cross-linkers, Yu et al. proposed a light-triggered
SHH based on poly(amidoamine) (PADA).1??”] The cut hydrogels
can be healed under light with wavelengths at 280 and 365 nm
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based on [2+2] cyclo-addition of coumarin moieties (Figure 12b).
A further study on the effects of irradiation showed that both the
tensile modulus and breaking prolongation increased with the
irradiation time. The highest SHE of 88.6% was observed by ex-
posing it to 365 nm UV light for 60 min. Besides, UV-triggered
self-healable polyurethane and PEG were also synthesized using
the same mechanism.[228.229]
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Figure 12. Schematic of light-triggered self-healing mechanisms and the prepared SHHSs. a) Typical light-triggered reversible reaction: [2+2] cycloaddition
reaction, disulfide bond, and trithiocarbonates. b) Schematic of the internal interactions of self-healing PADA hydrogel formed by [2+2] cyclo-addition of
coumarin moieties and SEM images of the healing process. Reproduced with permission.[?27] Copyright 2016, John Wiley & Sons. c) Schematic of the
healing process of the UV light-triggered self-healable hydrogel based on disulfide bond, the images of the depth height variation of hydrogel film before
and after healing. Reproduced with permission.[232] Copyright 2018, American Chemical Society. d) Schematic of the healing process of the cracked
HNTs/PDA/PAM/Gelatin hydrogel under NIR light irradiation and photographs of the broken and healed hydrogel. Reproduced with permission.[237]
Copyright 2020, Elsevier. e) Schematic of the preparation of self-healing GPM hydrogels and the healing property. Reproduced with permission.[236]
Copyright 2020, Elsevier.
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Photo-induced metathesis reactions are another type of ap-
plicable mechanism for light-triggered SHHs, which function
by reshuffling dynamic photo-reversible covalent bonds, such as
disulfide and trithiocarbonates (Figure 12a).[22423% Typically, sul-
fur anion or sulfur-free radical can be easily triggered by sunlight
or UV light for further disulfide exchange or aromatic-disulfide
exchange reaction, which are highly adopted in photo-healable
hydrogels.[?*") Banerjee and co-workers constructed an antifoul-
ing zwitterion-based SHH by combining a photo-induced disul-
fide metathesis reaction with ionic interactions between the zwit-
terionic segments (Figure 12¢).[*%) The influence of the disulfide
metathesis reaction on self-healing was studied by coating as-
prepared hydrogel films on glass slides and observing via optical
instruments. The disulfide bonds were homolytically cleaved to
generate sulfenyl radicals under UV light irradiation in the be-
ginning, and consequently the generated sulfenyl radicals were
exchanged with uncleaved disulfide bonds to implement the heal-
ing process. The cut hydrogel coatings exhibited the highest SHE
of 88%, evaluated in terms of film depth height variation before
and after healing. Besides, Dong et al. reported an ionic cross-
linked hydrogel constructed by the reshuffling reaction of the
trithiocarbonate (TTC) moiety.[?**] UV (365 nm) irradiation could
stimulate the homolysis of the C-S bond of TTC and further re-
sult in the exchange reaction with neighboring TTC moieties to
realize self-repair. The broken hydrogel could restore its original
network structure within 1 h.

Although reversible photo-cross-linking and photo-induced
metathesis reactions have shown wide applicability in develop-
ing light-triggered SHHSs, the limited penetration depth (typ-
ically < 200 um) and high dependence on material trans-
parency constrain their applications in thin films or translucent
structures.?3] Photo-thermal effect opens new perspectives for
developing light-triggered SHHs, which have been extensively
explored in recent years. The underlying mechanism is that it
can convert light into local heat and utilize the heat-based heal-
ing features to increase the healing depth and eliminate the
limitation on the light transmission of materials. The photo-
thermal effect-based SHHs were synthesized by incorporating
photo-thermal materials (such as graphene oxide (GO),!2342%]
molybdenum disulfide (MoS,) nanosheet,[*] gold NPs, poly-
dopamine (PDA), PPy, etc.) into the hydrogel network. Yang et al.
devised a near-infrared (NIR) light-triggered SHH by introduc-
ing PDA particles into PVA hydrogels.?”! The composite hy-
drogel exhibited reinforced mechanical and self-healing capac-
ity because of the superior photo-thermal effect of PDA and
the reversible formation of H-bonds. Its SHE reached 92% in
terms of the tensile test under NIR irradiation of 0.75 W cm™2
in 30 s. A comparison with the healed hydrogel under 37 °C for
36 h (a SHE of x24%) without NIR irradiation indicated that
the PDA particles contributed much to the self-healing property.
This was because the PDA particles converted light into heat,
raised the local temperature of the broken region, and promoted
the PVA chain mobility and H-bond reestablishment. More re-
cently, Cao et al. reported a halloysite nanotubes (HNTs)/PDA-
reinforced PAM/Gelatin composite hydrogel with NIR-triggered
self-healing capacity (Figure 12d).[”) The prepared hydrogel
showed a favorable photo-thermal effect and water dispersion
ability, assuring light-to-heat conversion and uniform heat dis-
tribution. The fracture interface of the broken hydrogel could be
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well healed under NIR light of 2 W cm™2 for 180 s, exhibiting
a SHE of 76%. The temperature of the exposed region under
constant irradiation could reach above 100 °C, which promoted
the free movement and mutual diffusion of the PAM and gelatin
polymer chains at the fracture interface. Afterward, Wu et al. ex-
ploited MoS, nanosheet as a photo-thermal conversion agent and
synthesized an NIR-triggered SHH based on gelatin and PEG
(Figure 12¢).[2%6] The cracked areas of the resultant hydrogels
started to heal upon exposure to NIR light. The SHE improved
from 41.7% to 91.3% while the exposure time increased from 30
s to 240 s. The underlying mechanism was based on the photo-
thermal effect of MoS, upon NIR irradiation, which resulted in
the diffusion and re-entangling of the thermal-sensitive GelMA
to heal the cracks. Similarly, a light-triggered hybrid PVA/MoS,
nanosheet SHH was erected, which demonstrated a high SHE
of 91.8% under NIR light irradiation within 3 min.**] In addi-
tion, various light-triggered SHHSs, such as supramolecular poly-
mer/MWCNTs composite hydrogels!?*! and graphene-hectorite-
clay/PDMAA hybrid hydrogels,!?*] have also been constructed
for device applications.

The trigger lights for the aforementioned SHHs are UV or
NIR, both of which require additional devices for light gen-
eration, complicating the self-healing system design and pro-
cess. One interesting direction started in recent years was to
develop sunlight or visible light-triggered SHHs, which could
eliminate the dependence on specific light sources and extend
their practical usage. For instance, Wang et al. constructed a vis-
ible light-triggered SHH consisting of a PEG-grafted poly(ethyl
methacrylate) (PEMA) derivative and a disulfide linkage by ex-
ploiting thiol-disulfide exchange.!?**] The as-prepared hydrogel
coatings could self-heal under ambient conditions within 10
min (visible light irradiation from sunlight), enabling their ap-
plication in a natural environment. Based on a similar strategy,
sunlight-triggered PU-2, 20-hydroxyethyl disulfide (HEDS), lig-
uid crystalline gels, and C/P(AM-co-AA)/Fe’* SHHs were also
proposed.[241-243]

In summary, light-triggered SHHs feature the advantages of
rapid healing speed, high healing efficiency, photo-responsive
characteristics, and accurate controllability in the healing areas
with a contactless approach. These merits enable SHHs to be
advantageous for various light-sensitive biodevices, such as in-
telligent photo-controlled electronic switches, intelligent soft dis-
plays (such as smart windows), wound dressing for therapeutic
applications, soft electronics for controlled drug delivery, pho-
tothermal effect-based self-power supply, etc.[235236.244.245] How.
ever, since the light can penetrate the limited depth of the mate-
rial, light-triggered SHHs feature shortages in constructing bio-
electronics with a thick thickness or without optical transmit-
tance.

2.2.3. Catalyst/pH-Triggered Self-Healing Hydrogels

Catalyst or pH-triggered self-healing mechanisms are facile ac-
cess to preparing SHHs, which, in essence, chemically adjust the
bonding and deboning processes of hydrogel networks via chang-
ing pH conditions or adding proper catalysts. The pH-triggered
self-healing refers to dynamic reversible relations under strong
acid (pH < 5) or alkaline (pH > 9) conditions, which has
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a) Schematic of the healing process of the self-healing P(NIPAM-co-

AMPS) /cPDA@ZPD hydrogel triggered by pH conditions under NIR light induction and the electrical healing property. Reproduced with permission.[243]
Copyright 2021, Elsevier. b) Schematic of the preparation and healing process of the self-healing nano-structural color hydrogel triggered by enzyme ad-

ditives and catalysts, photographs of the healed hydrogel, and the optical
National Academy of Sciences.

distinctive differences from dynamic covalent bonds based on
autonomous self-healing under mild conditions. For instance,
pH-triggered self-healing D-hydrogels with tough strength
and shape memory were fabricated by exploiting both self-
complementary quadruple H-bonds between UPy dimers and
Fe**-COOH coordination bonds.[?**] The cut hydrogel samples
could be treated to heal by dropping several drops of alkaline
solution (pH 14) at its broken interface, soaking in a 0.06 M
Fe(NO;), solution, and then in deionized water for 5 h and 24 h,
respectively. The underlying mechanism was that the high al-
kaline condition promoted the mobility of polymer chains and
led to closer proximity between functional groups, and thus
contributed to the re-establishment of the multiple interactions
(Fe**-COOH coordination) after soaking in Fe(NO;), solution.
These interactions finally resulted in the welding of the broken
surfaces (55% in SHE). The repaired hydrogel could be bent and
twisted, exhibiting a tensile strength of 7.7 Mpa. By taking ad-
vantage of a dual physical cross-linking strategy, Guo et al. de-
veloped a pH-triggered high-strength SHH by combining PVA
and poly-acrylamidohexanoic acid (PAACA).[2*’] The presence
of protonated and deprotonated -COOH groups on the PAACA
chains endowed the prepared hydrogel with a pH-triggered self-
healing capacity. The bisected hydrogel sample healed when im-
mersed in hydrogen chloride (HCI) solution (pH < 3) and sep-
arated when exposed to NaOH solution. The healed hydrogel
showed a tensile strength of 0.2 MPa and a stretchability of 310%.
Shit and co-workers developed a NIR-induced pH-triggered
SHH reinforced by zwitterionic polymer dot (cPDA@ZPD)
(Figure 13a).*8] When exposed to acidic or alkaline pH (pH
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performance after healing. Reproduced with permission.[24°] Copyright 2017,

10) conditions, the hydrophobic association was broken along
with the release of cPDA because of the generation of ionic in-
teraction in the ZPD. Consequently, the photo-thermal effect
of PDA was activated under NIR irradiation, leading to the
rearrangement of H-bonds between released ¢cPDA and pro-
moting the self-healing of hydrogels. Although pH-triggered
self-healing mechanisms can enhance the controlling capabil-
ity of the healing process, their SHEs and speed need further
improvement. Meanwhile, the influences of pH on the struc-
ture, morphology, and performance of hydrogels should also be
considered.

Apart from pH-triggered SHHs, various catalyst-triggered
SHHs have also been constructed recently. For instance, Fu
et al. proposed a glucose-triggered SHH with nano-structural
color based on GelMA inverse opal scaffold and glutaraldehyde
cross-linked BSA by incorporating glucose oxidase and catalase
(Figure 13b).[2*] When adding extra glucose on the damaged in-
terface of the hybrid hydrogel, the glucose oxidase oxidized the
glucose into gluconolactone and then formed gluconic acid by
further hydrolysis. The resultant gluconic acid could adjust the
pH environment and assist the reformation of imine bonds be-
tween -CHO from the glutaraldehyde and lysine residues from
glucose oxidase, BSA, and catalase. The catalase further decom-
posed the by-product H,0, to avoid oxidizing the imine bond,
enabling the cyclic reaction of glucose oxidation. Eventually,
the broken hydrogel was repaired and could maintain its ini-
tial structural color, demonstrating excellent self-healing proper-
ties. Besides, another enzyme-triggered self-healing DN hydro-
gel was synthesized based on AAm and allylglycine-terminated
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Leu-Pro-Glu-Thr-Gly (LPETGGG) peptides by using Sortase A
(SrtA), a peptide ligase, to transform the covalent peptide link-
ages to reversible covalent bonds.[! Two pieces of the resul-
tant hydrogels could merge into an integral under the existence
of SrtA solution and pressure of 2-5 kPa, demonstrating a cer-
tain self-healing ability. Nevertheless, in the absence of a SrtA
solution, no obvious self-healing phenomenon was discovered.
The mechanism was that the SrtA could lower the activation bar-
rier and result in reversible cleavage and the formation of cross-
linkers. More research about enzyme-regulated/triggered SHHs
can be seen in Ref. [251].

In all, pH or catalysts-triggered self-healing mechanisms es-
sentially harness the pH conditions or proper solvents to regu-
late the cross-linking and de-cross-linking process. This makes
the resultant SHHs naturally sensitive to the corresponding
pH or catalysts. Therefore, pH or catalysts-triggered SHHs can
be widely in developing soft biochemical sensors for pH or
chemical molecules monitoring of in vivo or in vitro environ-
ment, controllable actuators for drug delivery, and soft bio-
electronics with shape memory capacity.[2*24252] Although pH
or catalysts-triggered SHHs Dbioelectronics possess facile and
simple controllability on their healing process, pH conditions
or catalysts may destroy the structure and morphology of the
other components of the device, and thus degrade the whole
performance.

2.2.4. Other Emerging Stimuli-Triggered Self-Healing Hydrogels

Aside from the aforementioned stimuli, other stimuli, such as
magnetism, ultrasound, and electricity also hold great poten-
tial in developing stimuli-triggered SHHs, since they enable re-
mote, wireless, and localized control over the self-healing pro-
cess. These stimuli are particularly useful in real applications
where damaged parts need to be repaired in situ. Among them,
ultrasound can accurately steer the acoustic energy into the dam-
aged areas with minimum side-effect and penetrate larger depths
than light because of its unique penetrability. Lu et al. first
demonstrated the concept of using high-intensity focused ultra-
sound (HIFU) to trigger the healing of dynamic cross-linked
shape memory polymers.[>3] After treating with the HIFU for
60 min at a power of 3 W, damaged samples could recover #92%
of their original elongation at break. In comparison, conventional
heating-triggered healing (90 °C for 60 min) only yielded around
56% recovery. This demonstrated the feasibility and prospect of
ultrasound-triggered self-healing.

Magnetism-triggered self-healing strategies were also devel-
oped for constructing SHHs, which harnessed the magnetother-
mal effect and the ability of remotely magnet-actuating con-
tact. Shibaev and co-workers developed a SHH by assembling
cobalt ferrite CoFe,O, NPs into carboxymethyl hydroxypropyl
guar/borax hydrogel.[?>*l The abundant H-bonds and borate es-
ter bonds enabled the hydrogel to achieve a 100% SHE within
10 min. Intriguingly, two bisected hydrogels could be brought
together remotely under magnetic force acting on the NPs in
the hydrogel network, successfully achieving self-healing without
manual intervention. Based on the strategy of magnet-actuating
contact, a conductive, stretchable SHH based on GalnSn/Ni-
based composite was developed, further verifying the effect of
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magnetic-triggered self-healing behavior.!?>! Qin et al. developed

a multi-stimuli-triggered healable Fe;04@Au/PAM (MFP) hy-
drogel by combining the magneto-thermal effect of Fe;O, and
the photo-thermal effect of Au NPs.[2°°] The as-prepared hydrogel
could be triggered to self-heal by both magnet and NIR irradia-
tion through the reformation of Au-SR coordination bonds. The
hydrogel with an incision could recover 86.3% of its initial tensile
strain under NIR irradiation and withstand stretchability without
cracking under alternating magnetic fields.

Besides, electricity-triggered self-healing mechanisms ex-
ploit the electrothermal effect of materials (e.g., CNTs) to
reform dynamic bonds in hydrogel networks.>>’-2¢0] For in-
stance, Chen et al. prepared a self-healable PPy-incorporated Au
NPs/CNT/PAM (GCP@PPy) hydrogel with abundant dynamic
Au-thiolate (Au-SR) bonds within the network, which could re-
construct and lead to healing of the prepared hydrogel under elec-
tricity stimulus.!?®!) After healing for 15 min under a current of 50
mA, the cutting-healing hydrogel could restore its original tensile
strain and conductivity of 86% and 96%, respectively.

In all, ultrasound, magnetism, and electricity initiated new
mechanisms for devising stimuli-triggered SHHs and endowed
the self-healing process with excellent controllability. For in-
stance, ultrasound-triggered SHHs can be widely utilized in con-
structing implantable bioelectronics for controlled drug release
based on their penetration ability, and bioelectronics with shape
memory effects based on their thermal or mechanical effects.[262]
Similarly, magnetism-triggered SHHs can be used in biomedi-
cal devices, actuators, and soft robots for cell manipulation and
foreign body removal.?%3] Although various SHHs have been de-
veloped using the aforementioned trigger sources, their deep un-
derstanding and further applications in bioelectronics are still
ongoing. The key performances of the aforementioned stimulus-
triggered SHHs are presented in Table 2.

2.3. Self-Healing Hydrogels in Harsh Environments

The aforementioned SHHs mainly apply to common ambient
environments, such as at RT or in the air. However, in nature, a
great number of devices are applied in harsh environments, such
as low-temperature conditions in winter or high-latitude regions
and underwater circumstances. In these cases, the self-healing
capacity will lose or be inhibited by the extremely harsh con-
ditions. For instance, in winter or high-latitude environments,
the subzero temperature will make the water embedded in hy-
drogel networks solidify into crystals, inhibiting the polymer
chain fluidity and dynamic bond reformation at broken inter-
faces. In high-humidity or even underwater circumstances, wa-
ter molecules can act as donors and acceptors of H-bonds, lig-
ands, polar solvents, etc. These inhibit the reformation of dy-
namic bonds by saturating the H-bonds, coordinating with the
metal cation, and solvating the ions, significantly destroying the
self-healing capacity.l?%] Besides, the majority of hydrogels com-
posed of hydrophilic polymers inevitably swell in water, disabling
the self-healed hydrogels. The loss of self-healing behavior in
aforementioned harsh environments greatly narrows the practi-
cal applications of SHHs. Therefore, developing SHHs that can
resist the influences of harsh conditions has drawn increasing
attention.

© 2024 Wiley-VCH GmbH

35US0 |7 suoWIWOD aAIEa.D a|ceal|dde ayy Ag peusenob ale sajpiie YO ‘asn Jo sajn. Joj ArlqiT auluQ A3]1IA\ UO (SUOIIPUOD-PUR-SWLB)I0D A3 1M A Relq 1Bl Uo//SdNY) SUORIPUOD pUe SWiB | 3Y} 88S “[9202/T0/c0] Uo ARiqiTauluo Ao ‘satreiql Buoy BuoH JO AiseAaiun ay L Aq 0SE90€202 BWPR/Z00T OT/I0p/Wod A3 IM AReiq 1 jpul U0’ paoueApe//Sdiy Woly papeojumod ‘TZ ‘v20Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
Table 2. A summary of mechanisms, materials, mechanical and healing performances of stimulus-triggered self-healing hydrogels.
Self-healing Hydrogel materials Stretchability Maximum Healing Self-healing SHE Refs.
mechanism Stress/MPa condition property
Heat triggered CNC/PEG 690% 0.16 90 °C Tensile stress ~78%, 24 h [215]
PNAGA 1400% 1.1 90 °C Tensile stress 84%, 3 h [218]
PVA/PNAGA ~125% ~2.8 90 °C Tensile stress 50%, 6 h [219]
k-Carrageenan/PNAGA ~250% 1.7 90 °C Tensile stress ~26.4%,3 h [220]
P(NAGA-co-AAm)/LiCl ~900% 2.27 60 °C Tensile strength 85%, 10 min [264]
Gelatin/Chondroitin sulfate ~310% ~0.04 37°C Tensile strain ~85%, 2 h [265]
Light triggered PAM/c47/PADA ~120% ~0.225 uv Tensile modulus 88.6%, 1h [227]
HNTs@PDA/PAM/Gelatin ~250% 0.133 NIR Tensile stress ~76%, 3 min [237]
GelMA/PEG/MoS, - ~0.283 NIR Tensile modulus 91.3%, 4 min [236]
PVA/MoS,-DTT - ~0.217 NIR Tensile stress 91.6%, 3 min [238]
Supramolecular ~50% ~0.8 NIR Conductivity ~100%, 1 min [239]
polymer/MWCNTs
pH triggered P(AM-co-AA) /UPyMA/Fe? 541% 7.9 pH Tensile stress 55%, 5 min [246]
(14)
Electricity triggered PAM/CNT/Au NPs@PPy 2380% 1.25 Current Tensile strain 86%, 15 min [261]
(50 mA)
Magnetism triggered Fe;O,@Au/PAM 2250% 3.1 Magnetic Tensile strain 52%, 10 min [256]
filed

2.3.1. Anti-Freezing Self-Healing Hydrogels

One effective strategy to achieve SHHs in freezing environments
is to suppress the H-bonding with water molecules and decrease
the freezing point.[?7-2%] For this, a large number of researchers
introduced organic solvents into hydrogel matrices and exploited
the stronger H-bonds formed between the solvent and water
molecules to weaken the formation of the crystal lattice of ice
and simultaneously hinder water vapor pressure.[2827% For ex-
ample, Liao and co-workers developed an anti-freezing and con-
ductive SHH by using ethylene glycol (EG) to substitute a part
of water molecules in MXene nanocomposite-based hydrogels
(MNH) (Figure 14a).[271] The MNH could withstand large stretch-
ing and arbitrary twisting after storing at -40 °C for 6 h, exhibit-
ing an excellent low-temperature tolerance. This was because
the abundant H-bonds generated between the water and EG dis-
rupted the process of crystal lattice formation at subzero tem-
peratures. The abundant H-bonds also imparted the hydrogel
with a long-lasting water retention capacity (keeping ~90% of
its initial weight after storing at 20 °C for 8 days) by hinder-
ing the water evaporation. Owing to the borate ester bonds be-
tween the -OH groups of PVA and tetra-hydroxyl borate ions, as
well as the H-bonding interactions among EG, PVA, and MX-
ene, the fractured hydrogel could be healed at 20 °C and 50%
humidity, demonstrating excellent SHE in both mechanical (an
efficiency of >85% after 12 h of healing) and electrical proper-
ties. Wang et al. developed an anti-freezing and conductive SHH
by directly doping glycerol into PVA/SA hydrogel.?’?! The re-
sultant hydrogel could be stretched and twisted after storing at
—20 °C for 24 h, and also normally light an LED lamp. The me-
chanical test at —20 °C showed that the tensile strain was al-
most identical to that at RT. It was also proved that the freezing
temperature of the prepared hydrogel decreased as the concen-
tration of glycerin increased. With the synergistic effect of H-
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bonds and borate ester bonds, the prepared hydrogel exhibited
a high SHE of 95% after 4 h healing. Zheng and co-authors con-
structed an anti-freezing and moisturizing SHH by incorporat-
ing EG and CNTs into TA/PVA/Borax.[?°] Tt exhibited an anti-
freezing temperature of —60 °C, a long-term moisturizing prop-
erty of 30 days, and mechanical SHE of more than 98% in tensile
and compressive strain testing. Based on a similar strategy, many
other anti-freezing SHHs, such as PAM-clay hydrogel with the
incorporation of glycerol,?”3] PVA/starch/tea polyphenol-based
composite organohydrogel,?’*l and poly(acrylic acid-co-maleic
acid)/glycerol /boron nitride nanosheet composite hydrogels, 2]
were also constructed for soft electronics applications in a low-
temperature environment.

Introducing zwitterion materials into hydrogels is an emerg-
ing and appealing approach to developing anti-freezing SHHs.
With abundant negative and positive charges in one unit, the
zwitterion can destroy the H-bonds within water molecules
to prevent their binding, thus lowering the freezing point.[?’¢l
Zhang et al. invented an anti-freezing SHH with a skin-like
mechanoresponsive performance by introducing a kind of zwitte-
rion, betaine, into PAA networks.!?””] The DN network structure
consisted of the covalent PAA chains and fugitive supramolec-
ular betaine chains imparted the developed hydrogel with a
high stretchability of 1600% and an immense strain-stiffening
property (24-fold modulus enhancement). Owing to the function
of betaine in preventing water crystallization and adjusting water
stress in subzero and water-deficit circumstances, the resultant
hydrogel could preserve water content with almost no changes
for 7 days at a relative humidity (RH) of 60% and maintain
prominent elasticity at -40 °C. Moreover, the scratched hydrogel
could completely self-heal and withstand bending and stretching
after 12 h of healing at RT and 80% RH, in which the movable
water promoted the reformation of all physical bonds. Guo
et al. demonstrated an anti-freezing zwitterionic SHH by
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Figure 14. SHHs in low-temperature environments. a) Schematic of the synthesis process of cold-resistant PAM/PVA/MXene hydrogel based on EG
solvent replacement, photographs of the hydrogel at RT and —40 °C, and the healing process of the hydrogel. Reproduced with permission.!?”1l Copy-
right 2019, John Wiley & Sons. b) Schematic of the internal interactions of the anti-freezing SHH based on hydration effects of zwitterion materials
and photographs of the self-healing process. Reproduced with permission.l?”° Copyright 2022, American Chemical Society. c) Schematic of the anti-
freezing mechanism of SSIH by utilizing the strong hydration of inorganic salt and the self-healing properties at ultra-low temperatures. Reproduced

with permission.[266] Copyright 2022, John Wiley & Sons.

polymerizing [3-(methacryloylamino) propyl] dimethyl (3-
sulfopropyl) ammonium hydroxide inner salt, HEMA, AA,
and LiCl particles in a glycerol-water hybrid solution.?8] The
resultant hydrogel could keep its original morphology and
elasticity after storing at —20 °C for 10 h. This was because
the colligative property of LiCl (decreasing the vapor pressure
and then the freezing point) and the strong H-bonds formed
between glycerol and water molecules. The original hydrogel
showed a stretchability of up to 10 891% and a toughness of up to
11.32 MJ m~3. The cut hydrogel could self-repair within 3 days,
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exhibiting a SHE of 94.7% in fracture strain. Besides, Fan et al.
presented an SHH with anti-freezing properties by introducing
Ag/TA@CNCs and L-proline into a GG/PAA hybrid network
(Figure 14b).12”°] Ag/TA@CNCs served as the key media, which
could improve the self-healing ability by forming reversible
Fe3* coordination and H-bonds with other functional groups. L-
Proline could induce hydration effects by producing H-bonding
and electrostatic interactions with water, which endowed the
hydrogel with a SHE of 80.8% when stored at —15 °C for 6 h.
Moreover, zwitterionic nanochannels composed of zwitterionic
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liquid and methacrylate lysinel?’¢! and zwitterionic poly(ionic

liquid)[?8°] were also employed to synthesize various self-healing
polymers to be used at subzero temperatures.

Apart from the organic solvent and zwitterion materials, inor-
ganic salts were also employed to extend the temperature toler-
ance of SHHs. Wang et al. developed a versatile LiCl-incorporated
hydrogel with stable and fast self-healing properties at an ultra-
low temperature (=80 °C) (Figure 14c).[2®! The self-healing ca-
pacity originated from the H-bonding and electrostatic inter-
actions between hydroxyl-rich PVA and amino-rich PEI in the
ternary hydrogel system. The strong hydration of Li* could in-
hibit the directional arrangement of H-bonds at cold condi-
tions, enabling the continuous activation of dynamic interac-
tion reconstruction and polymer chain diffusion to promote self-
healing. The cracked interface of the resultant hydrogel could
entirely disappear at RT within 10 min. The self-healing abil-
ity could well maintain under decreasing temperature, exhibit-
ing a SHE of 71.57% after healing for 30 min at —80 °C. Simi-
larly, Zhang et al. integrated ZnCl, /CaCl, into cellulose hydrogel
networks to improve their anti-freezing ability.?®!l They demon-
strated a moderate anti-freezing property at a low temperature
of =70 °C and a fast healing capacity at 60 °C for less than
30s.

2.3.2. Underwater Self-Healing Hydrogels

To achieve SHHs for underwater applications, one possible
mechanism is to weaken the influence of water molecules on
the dynamic cross-linking behavior, such as H-bonding, disso-
lution of ions, coordination with metal irons, and combined dy-
namic covalent bonds.[?®?] In recent years, Chen et al. presented
a self-healing DN agarose/PVA hydrogel for both air and under-
water applications based on H-bonding and borate ester bonds
(Figure 15a).[8%] The prepared hydrogels with different concen-
trations of agarose consistently exhibited fast and high self-
healing capabilities (almost 100% recovery in their strength and
elongation within 10 s) at RT in the air. The healed hydrogel with
1.0 wt% agarose could recover 70% of the original tensile stress
after 60 s in the underwater environment. The underlying reason
was that boron ions could freely and quickly travel through the
water to form borate ester bonds with the abundant—OH groups
in PVA chains. Based on the same mechanism, an ultrafast self-
healing starch/PVA/borax hydrogel was fabricated with reusable
and conductive properties for underwater application.[?#] Its me-
chanical and electrical properties could recover within 10 s and
90 ms in air, respectively. In the underwater environment, the
SHE in terms of tensile stress reached up to 93.5% after 120 s
healing, implying the ultrafast self-healing capacity underwater
(Figure 15b). Besides, the HPMC/SiW-PDMAEMA hydrogel(2%]
and PAA-AI**-CHI-TA hydrogel[?®! also exhibited superior self-
healing ability underwater.

Another effective approach to achieving SHHs for underwater
applications is to facilitate dynamic interactions or bonds rebuild-
ing by restraining the aggregation or removing water molecules
on the fractured interfaces. Fu and co-workers devised a tough
underwater SHH based on acrylonitrile (AN), AAm, and MMA by
exploiting the synergism of multiple H-bonds and strong AN-AN
dipole—dipole interaction (Figure 15¢).?#”] The cut pieces of the
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resultant hydrogel could be entirely merged underwater within
60 min with no breakage traces. Its tensile strength and stretch-
ability in an underwater environment approached those of the
original hydrogel, showing a high underwater SHE of 98%. The
underlying mechanism relied on the high dipole moment and
strong electrostatic property of the cyan groups, which could ef-
fectively prevent water molecules from intervening in the ref-
ormation of the aforementioned multiple interactions. In addi-
tion, the strong ion—dipole or dipole—dipole interaction has also
been widely employed for developing self-healing elastomers!28#!
and ionogels!®! in underwater environments. The main perfor-
mances of the state-of-the-art SHHs in harsh environments are
summarized in Table 3. In addition to low temperatures and un-
derwater environments, research on SHHs has also been exten-
sively concerned with other harsh or corrosive environments,
such as strong acids and alkalis and high concentrations of salt
solutions.[290.21]

3. Applications of Self-Healing Hydrogels in Soft
Bioelectronics

3.1. Self-Healing Hydrogel Wearable Sensors

One primary application of SHHs is to develop self-healing
wearable sensors, which can conformably integrate with hu-
man skin to implement real-time and continuous detection of
vital physiological signals. The SHHs, combining self-healing
ability with their skin-mimic mechanical and chemical proper-
ties, can endow wearable sensors with appealing comprehensive
performances, such as excellent biocompatibility, superior con-
formability, remarkable reliability, and a long-time life span, en-
couraging the development of next-generation wearable sensors.
Therefore, increasing research interests have focused on SHH-
based wearable sensors recently. Various self-healing wearable
sensors have been constructed by taking advantage of the piezo-
resistive property, conductivity, elasticity, and tunable mechanical
and chemical properties of SHHs. Their functions have spanned
from physical sensings, such as strain, pressure, temperature,
etc., to biochemical signal detection, such as humidity, gas, sweat,
glucose, etc.

3.1.1. Self-Healing Hydrogel Strain and Pressure Sensors

SHH-based strain and pressure sensors were intensively inves-
tigated because they can monitor a diversity of physiological sig-
nals (such as heart rate, blood pressure, pulse wave velocity, ECG,
respiration rate, etc.) through monitoring human life activities
(e.g., arterial pulsation, vocal cord vibration, joint motion, breath-
ing, etc.) induced strain or pressure variations.[2>2942%7] Their
sensing principles can be mainly divided into two categories:
piezoresistive and capacitive.

Piezoresistive Strain and Pressure Sensors: For SHH-based
strain and pressure sensors based on resistance variations, the
key challenge is how to impart hydrogels with both excellent self-
healing ability and piezoresistivity. For this, carbon-based ma-
terials, MXene, metals, conductive polymers, and ionic materi-
als have been widely utilized as building blocks of piezoresistive

© 2024 Wiley-VCH GmbH

35US0 |7 suoWIWOD aAIEa.D a|ceal|dde ayy Ag peusenob ale sajpiie YO ‘asn Jo sajn. Joj ArlqiT auluQ A3]1IA\ UO (SUOIIPUOD-PUR-SWLB)I0D A3 1M A Relq 1Bl Uo//SdNY) SUORIPUOD pUe SWiB | 3Y} 88S “[9202/T0/c0] Uo ARiqiTauluo Ao ‘satreiql Buoy BuoH JO AiseAaiun ay L Aq 0SE90€202 BWPR/Z00T OT/I0p/Wod A3 IM AReiq 1 jpul U0’ paoueApe//Sdiy Woly papeojumod ‘TZ ‘v20Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

/| In the air (10s) 120 0

500 1000 1500 2000 0 1 2 3 456 7 8

www.advancedsciencenews.com www.advmat.de
______________________________________________ 1
30
—— Original o e I
25 4 — 105 healing L5% 14 1 l
12 4
F20 G : }
= — g 101
715 05%| 7 81 |
£ E g |
@ 10 @»n
. P |
5 |
0-r T T T T T T 0 I
0 100 200 300 400 500 600 700 10s 30s 60s |
Strain (%) Self-healing Time I
______________________________________________ l
8 0.08 l
—— SPB hydrogel |
Self-healed hydrogel 0.06 l
64 :
E é 0.04 I
= — 5 Healing underwater l
@ ) ‘ut
: . L L\_]L\_ :
b o ;
\ 0.00 :
\| f tioms |
o2 Contact l
1 |

APS, TMEDA
80°C,1h

£ Strong bonds M
AN ® Mma

)
ﬁ Dipole-Dipole Hydrogen
interaction Y bond Dipole-Dipole

. interaction

[
|
[
[
[
[
[
I
\

Strain (%) Time (s)

|

|

|

|

|

_ |
Underwater Cut | Self-repaired underwater |
| 1
|

|

|

|

|

|

Figure 15. SHHs in wet or underwater environments. a) Schematic of the internal interactions of underwater self-healing agarose/PVA DN hydrogels
and their mechanical self-healing properties. Reproduced with permission.[28*] Copyright 2018, American Chemical Society. b) Photographs of the
healed starch/PVA/borax hydrogel in the air and underwater, the mechanical and electrical self-healing properties in underwater conditions. Reproduced
with permission.!284] Copyright 2020, American Chemical Society. c) Schematic of the preparation process of underwater self-healing supramolecular
hydrogel constructed by dipole—dipole interaction and the underwater self-healing properties. Reproduced with permission.[?8’l Copyright 2022, John

Wiley & Sons.

SHHs. For instance, Liu et al. fabricated an ultrasensitive self-
healing strain sensor based on self-healing PVA/PVP/CNC/Fe**
hydrogels (Figure 16a).2°8! The “hard” Fe** cross-linked CNC
networks with the reversible CNCs-Fe** coordination interac-
tions as the self-healing domain were introduced to the “soft”
polymer networks composed of PVA and PVP, forming syner-
gistic “soft and hard” hierarchical and porous network struc-
tures, and enabling the resultant hydrogel with a mechanical
strength of 2.1 MPa, a high stretchability of 830%, a fast self-
healing capability within 5 min. The self-healing strain sen-
sor was constructed by wrapping two copper electrodes on a
SHH strip. It could effectively monitor finger joint movements,
breathing, and blood pulses in different motion states, exhibit-
ing a strain sensitivity of 0.478 in a strain of 0-200% and a re-
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liable resistance variation within 200 tensile cycles under 100%
strain. Cai and co-workers developed a piezoresistive strain sen-
sor with ultra stretchability by assembling a self-healing con-
ductive PVA/Borax/SWCNT hydrogel between two VHB elas-
tomer substrates.’] The SWCNT wrapped in the 3D hydrogel
network built the electronically conductive channel and mean-
while enhanced the stretchability (up to 1000%) and elastic re-
sponse. During 5 cutting-healing processes, the resistance re-
mained unchanged, and a high SHE of up to 98% was achieved
in #3.2 s. The self-healing strain sensor could effectively mon-
itor diverse motions of human bodies, showing a gauge factor
(GF) of 1.51 at 1000% strain and a durability of 1000 cycles
under 700% strain. Li et al. proposed a degradable self-healing
strain sensor based on a conductive MXene nanocomposite
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Table 3. A summary of self-healing mechanisms, hydrogel materials, mechanical and healing performances of SHHs in harsh environments.

Self-healing mechanism Hydrogel materials Stretchability ~ Maximum Healing Self-healing Self-healing Refs.
stress/MPa  environments properties efficiency

H-bond GG/PAA/Ag/TA@CNCs/L-proline 550% 0.69 —15°C tensile strain 80.8%, 6 h [279]

Metal coordination

H-bond PVA/PEI/LiCl >7000% ~0.03 —80 °C tensile strain 71.75%, 30 min [266]

H-bond PAM/Clay/Glycerol 3360% 0.25 -30°C conductivity >90%, 0.8 s [273]

H-bond P(AA-co-MA) /Glycerol/BNNS/Fe3* 400% ~0.05 -15°C tensile stress ~70%, 24 h [275]

Metal coordination

Borate ester bond Agarose/PVA 625% ~0.012 Underwater tensile stress 70%, 1 min [283]

H-bond Starch/PVA/Borax ~1500% ~0.005 Underwater tensile stress; 93.5%, 2 min; [284]

Borate ester bond conductivity ~100%, 0.11 s

H-bond AN/PAM/PMMA ~600% ~1.5 Underwater tensile strain 98%, 1h [287]

Dipole interaction

H-bond PAA/CS/DCMC/AIP+ 900% 0.14 Underwater tensile stress 90%, 10 min [292]

Metal coordination

lonic interaction

H-bond PEO/PVA/Borax 566% 0.009 Underwater tensile strain 86%, 2 min [293]

Borate ester bond

hydrogel by incorporating the MXene nanosheet into PAA and
amorphous calcium carbonate (ACC) hybrid networks.[?l The
fabricated sensor displayed a quick resistance recovery ability of
less than 0.2 s and a stretchability of 450%, which enabled it to
detect various body movements with a high GF of 10.79. Ad-
ditionally, self-healing strain or pressure sensors composed of
other stretchable, self-healable, and conductive hydrogels were
also developed, such as PVA/MXene/PEDOT: PSS/PDA,3%]
TOCNF/PAA/Graphene,**tl and DA/Talc/PAM.[3%2]

To increase the sensitivity at large strains and device trans-
parency, many researchers were devoted to constructing ionic
conductive SHH strain and pressure sensors by introducing
ionic liquids, electrolytes, etc.3%! For instance, Yao and co-
workers constructed a super-stretchable and adhesive self-
healing strain sensor by constructing a PAM/phenylboronic acid-
ionic liquid (PBA-IL)/CNF-based ionic conductive hydrogel.?%]
The introduction of the PBA-IL and CNFs endowed the as-
prepared hydrogel with semi-IPN polymer network structures,
multiple dynamic interactions (involving borate ester bonds, H-
bonds, and ionic interaction), and enhanced ion mobility and
self-adhesive ability. These contributed to a good tradeoff among
multifunctional properties, such as a super stretchability of
1810%, a high mechanical strength of 349 kPa, and a SHE of 92%.
The developed sensor was used to monitor diverse human physi-
ological movements, including wrist, finger, elbow bending, and
swallowing, showing a high GF of 8.36 in a broad strain range of
1000%. Li et al. devised an ultra-durable and self-healable ionic
strain and pressure sensor by blending ILs into PU networks.[3%]
The resultant sensor exhibited a high strain sensitivity of 1.23
within 50% strain range and a pressure sensitivity of 0.37 kPa~!
under pressure less than 20 kPa, as well as a durability of 10 000
stretching cycles. Furthermore, it could completely heal at 65 °C
and maintain its original performance after storing for 200 days
in the air.

Furthermore, some researchers have developed ionic and elec-
tronic conductive self-healing piezoresistive strain and pressure
sensors by introducing conductive polymers (such as PANI,
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PPy, PEDOT, and polythiophene) into SHHs. For instance, Su
et al. presented wearable strain/pressure sensors by construct-
ing a self-healing conductive hydrophobic association PAA (HA-
PAA)/PANI hydrogel.?%! The conductive nature of PANI poly-
mers and their dynamic interfacial interactions with self-healable
HAPAAs balanced the tradeoff among the mechanical, conduc-
tive, and self-healing performances. The developed sensors could
implement various strain or pressure detections, exhibiting a
high GF of 17.9, a low limit of detection (LOD) of 0.05%, a fast
response time of 80 ms, and nearly identical electrical signals be-
tween their healed and original samples. Yang et al. developed
stretchable and adhesive SHH strain and pressure sensors by
introducing polyfunctional trypan blue (TB) and PPy into PAA
networks.”] The combination of TB and PPy components main-
tained the structure strength and enhanced the conductivity by
facilitating the conductive pathway, resulting in a conductivity of
15 S m~! and a stretchability of 750%. The developed sensors
could firmly adhere to various surfaces and reliably detect repeti-
tive large strains and subtle pressure. Additionally, a CD topolog-
ical nanoparticles-cross-linked SHH was also reported.[>%8

In addition, SHH piezoresistive strain/pressure sensors com-
bined with other diverse functions were also developed. Inspired
by the adhesion mechanisms in mussel and zwitterionic, Pei
and co-workers reported a zwitterionic SHH-based strain sen-
sor with a tissue-adhesive capacity (an adhesion strength of 19.4
kPa), which could reversibly and robustly adhere to human or-
gans to monitor vital organ motions for remote diagnostics.*®!
Xu et al. reported a self-healable ionogel-based strain sensor pos-
sessing multifunctions, such as high transparency, stretchability,
recyclability, resistance to solvent and temperature, and under-
water self-healing capacity and adhesiveness.’] Besides, SHH
strain sensors with the anti-freezing ability and electromagnetic
interference shielding performance were also invented.310]

Capacitive Strain and Pressure Sensors: Self-healing capaci-
tive strain and pressure sensors are another appealing appli-
cation of SHHs because of their simple transduction mecha-
nism and relatively high-temperature stability. In these sensors,
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Figure 16. SHH-based physical sensors. a) Structure schematic of SHH strain/pressure sensor based on resistance variations, the prepared sensor sam-
ple, and pulse monitoring. Reproduced with permission.[2%8] Copyright 2017, American Chemical Society. b) Structure schematic of SHH strain/pressure
sensor based on capacitive variations, the prepared sensor sample, and finger bending monitoring using the original and healed sensors. Reproduced
with permission.311] Copyright 2019, John Wiley & Sons. c) Structure schematic of the SHH-based temperature sensor and experimental results of tem-
perature testing, its application as a human forehead “fever indicator,” and stability testing. Reproduced with permission.[3'°] Copyright 2020, American
Chemical Society. d) Structure schematic of the SHH-based humidity sensor and its application as a wireless mask-style breath monitor for real-time
testing. Reproduced with permission.[323] Copyright 2022, John Wiley & Sons.

SHHs are employed as conductive electrodes or dielectric elas-
tomers. The key challenge is to balance the self-healing capac-
ity, conductivity, and mechanical elasticity. For this, Zhang et al.
constructed a self-healable capacitive strain sensor by adopting
MXene/PVA-based SHHs as the electrodes and VHB as the di-
electric layer (Figure 16b).31" The hydrogel electrode could re-
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cover its original conductivity within 0.15 s, exhibiting an elec-
trical healing efficiency of 97.4% even after five cutting—healing
cycles. The healed sensor could reach up to 97.5% of its origi-
nal capacitance under a strain of 80%. Besides, the device also
exhibited high-performance stability, i.e., with only a 5.8% de-
crease in its capacitance after 10 000 cycle tests. Similarly, a
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self-healing capacitive pressure/strain sensor was developed by
utilizing the VHB tape as the dielectric layer and self-healable
calcium carbonate/PAA/SA hydrogel as the electrodes.l*!?]
Zhang and co-workers used an adhesive DA-triggered gelation
(DTG) hydrogel as the electrodes and developed self-healing
and adhesive capacitive pressure and strain sensors.*!3] The DA
served as both the polymerization initiator and dynamic media-
tor to cross-link hydrogel networks, resulting in remarkable ad-
hesion, excellent elasticity, and self-healing capacity. The flexi-
ble capacitor could detect strains from 5% to 200% with a GF
of 0.71 and pressures from 0.16 kPa to 4.0 kPa with a pressure
sensitivity of 0.096 kPa~!. The healed sensors could restore their
original capacitance even though the DTG hydrogel electrode
suffered several severe damages. Similar examples can be seen
in self-healing PAA/SA/CNTs/Ca?" hydrogell®'*] and PVA/CNF
hydrogelsi®"! based strain and pressure sensors.

Apart from being used as conductive electrodes, SHHs can
also function as the dielectric layers of capacitive strain/pressure
sensors by taking advantage of their soft and elastic proper-
ties. For instance, Rao et al. devised a high-sensitive capacitive
strain sensor for physiological motion monitoring by exploiting
a self-healing polydiacetylene/PAA/Cr** hydrogel as the inter-
mediate layer and two silver layers as the outer electrodes.**]
The dielectric hydrogel maintained a high mechanical elasticity
and sensing sensitivity because of the introduction of PDA and
Cr(H,0)¢*" complexes. The prepared sensors exhibited a high
GF within a broad range, i.e., a GF of 4.8 and 33.4 in strains of
100% and 500%, respectively. Zhang and co-workers constructed
a capacitive pressure sensor with a liquid metal-created sponge-
inspired porous SHH as the dielectric layer.*'] The porous struc-
ture could effectively enhance the compressive ability and re-
sponse of the dielectric hydrogel, contributing to a sensitivity
of 0.85 kPa~!. Further, to increase the sensitivity, an iontronic
pressure sensor based on the electrical double layer (EDL) prin-
ciple was constructed by using a self-healing ionic hydrogel as
the iontronic layer and two electronically conductive fabrics as
the electrodes.[?””] To overcome the conflict between mechanical
elasticity and self-healing capacity, supramolecular zwitterionic
reorganizable networks driven by entropy were introduced to the
H-bond cross-linked PAA networks. Consequently, the hydrogel
iontronic layer exhibited an excellent stretchability of 1600%, a
SHE of almost 100%, an excellent elasticity of 97.9%, and a high
transparency of 99.7%. The developed pressure sensor exhibited
an ultrahigh pressure sensitivity of 200 MPa~! within 0.5 kPa,
and 3.5 MPa! in a higher range of 3-7 kPa, and could sensitively
monitor various finger movements.

The aforementioned self-healing capacitive strain or pressure
sensors generally could not realize device-level self-healing be-
cause some components of the multilayer structures were made
of materials without self-healing ability. To tackle this challenge,
Jiang and co-workers constructed omni-healable capacitive strain
sensors by assembling two self-healing silver nanowires (Ag-
NWs)/rGO aerogel-PAM (ARAP) electrodes with a self-healable
oleophilic gel dielectric.*'®! The self-healing ARAP hydrogel was
synthesized based on a strategy combining hard and soft dynamic
networks strategy, i.e., associating conductive AgNWs with wrin-
kled rGO nanosheets and Ag-S coordination-aided PAM hydro-
gel networks. This resulted in excellent versatile performances,
such as a stretchability of 3250%, a resistance change of 223% at
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2000% strain, and fast optical and electrical-triggered self-healing
in 4 min. The self-healing oleophilic gel dielectric could elon-
gate to 1085% with a SHE of 90% within 1 min. The resul-
tant strain sensor showed a device-level stretchability of 1080%
and almost no decrease in capacitive response within 400% to
1000% strain over 1000 cyclic stretchings. Notably, owing to the
reversible metal-thiolate (Ag, Au-SR) bonds in both the electrodes
and dielectrics, the strain sensor exhibited omni-healability. The
healed strain sensor could produce nearly consistent signals with
the pristine one in monitoring human movements.

3.1.2. Self-Healing Hydrogel Temperature Sensors

SHH-based temperature sensors also gained considerable inter-
est recently owing to their thermal-response nature. Most SHH-
based temperature sensors can be developed by integrating ionic
or electronic conductive hydrogels, using their thermally acti-
vated mobility-induced resistance changes to realize temperature
measurement. For instance, Ge et al. constructed a self-healing
dual-sensory sensor for strain and temperature detection using
a stretchable and self-healable PAA-PANI binary network hydro-
gel (Figure 16¢).31%1 The PANI nanofibers endowed the hydrogel
with excellent mechanical elasticity and thermosensation. The re-
sultant temperature sensor demonstrated a SHE of 90.8%, a tem-
perature coefficient of resistance (TCR) of —0.016 °C, and a tem-
perature resolution of 2.7 °C. SHH-based temperature sensors
utilizing both conductive fillers and polymers have also been ex-
tensively studied. Zhu et al. developed a self-adhesive PVA/PDA-
CNT SHH-based temperature sensor for real-time temperature
measurement of the human wrist.??%) The device exhibited a
rapid thermosensitive response with increasing ionic mobility,
which could match the skin temperature in 10 s. The tempera-
ture sensor was further integrated into an alarm circuit for high-
temperature signal warnings. Taking a similar strategy, many
other SHH-based temperature sensors based on various thermo-
responsive hydrogels have also been reported.[192223:32L322] How-
ever, the response and other performances of hydrogel tempera-
ture sensors after healing were rarely studied.

3.1.3. Self-Healing Hydrogel Humidity Sensors

Humidity reflects the environment’s comfort level and plays a
significant role in typical biosignal monitoring, such as respira-
tory rate and skin wetness. Recently, Ding et al. devised a breath-
able SHH humidity sensor for wireless respiration monitoring
using a PVA-CNF organohydrogel (Figure 16d).3%! The sensing
mechanism was based on the change of conductance induced by
its ionic mobility, dielectric constant, and interfacial charge trans-
port variations after water adsorption. Owing to the abundant H-
bonds, the humidity sensor could self-heal the incisions without
obvious cracks under 80 °C within 1 min. The healed device re-
sponded consistently with the original one towards different hu-
midities, indicating excellent repairing performance. By integrat-
ing with a printed circuit board, the monitoring system demon-
strated a reliable recognition of different degrees of breathing.
Wu et al. devised an ultra-stretchable, self-healable, and lucent
humidity sensor based on ionic carrageenan/PAM DN hydro-
gels modified by glycerol.??*l Incorporating glycerol effectively
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Figure 17. SHH-based biochemical sensors. a) Structure schematic of the SHH-based glucose sensor, the prepared sensor sample, and glucose testing
curves. Reproduced with permission.[327] Copyright 2020, Elsevier. b) Principle schematic of self-healing self-powered CPPH sweat sensor, the relative
current variation with to Na* concentration, real-time detection of Na*, K*, Ca?*. Reproduced with permission.328] Copyright 2022, John Wiley & Sons.
c) Structure schematic of SHH-based NO, gas sensor, sensing mechanism for NO, under an external electric field and dynamic responses to 3-0.6 ppm
NO, at original and healed states. Reproduced with permission.[32°] Copyright 2021, John Wiley & Sons.

enhanced the humidity-sensing capability by facilitating the gen-
eration of numerous H-bonds with water molecules. The devel-
oped sensor could sensitively and repeatedly detect human res-
piration, showing a response time of 0.27 s and a RH detection
range of 4-90%.

3.1.4. Self-Healing Hydrogel Biochemical Sensors

Wearable biochemical sensors can provide a relatively deep and
broad assessment of health status (e.g., dehydration, physical
fatigue, mental stress, and diseases) by monitoring biomark-
ers in human biofluids, such as saliva, sweat, tears, and in-
terstitial fluids.[3?>3%¢] Recently, SHH biochemical sensors have
been particularly attractive because they integrate multi-desirable
functions into one device, such as biocompatibility, mechani-
cal matching with skin, self-healing ability, and biochemical sig-
nal sensing performances. The SHH biochemical sensors are
primarily developed by integrating electrochemical or optical
biosensing strategies into functional hydrogel systems. Liang
and co-workers fabricated an SHH glucose sensor by construct-
ing the self-healable composite hydrogel on a PET electrode
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(Figure 172).*%] CeO,/MnO, hollow nanospheres were cova-
lently cross-linked in the QCS/oxidized dextran hydrogel net-
work, facilitating the immobilization of glucose oxidase and in-
creasing specific surface area. The prepared sensor demonstrated
a broad linear detection range of 1-111 mM with a response time
of less than 3 s and a sensitivity of 176 pA mM~! cm~2. After heal-
ing for 2 h without any stimuli, the repaired sensor could produce
a nearly original electrochemical output toward 4 mM glucose.
Besides, Qin et al. invented a self-powered SHH-based sweat
sensor by assembling a hydrophobic ion-selective membrane
with self-healing TOCNF/PANI-PVA hydrogel electrodes encap-
sulated with PDMS (Figure 17b).3%) The TOCNF nanocompos-
ites endowed the sweat sensor with an excellent stretchability of
1530%, an electrical conductivity of 0.6 S m~!, and mechanical
and electrical SHEs over 96% within 10 s in ambient conditions.
The as-prepared sweat sensor could realize real-time sensing of
Nat, K*, and Ca** in human perspiration via triboelectric effect
with a high sensitivity of 0.082 mmol~! for K* and transmit the
results to a user interface wirelessly.

Besides biomarkers detection in human biofluids, some re-
searchers pioneered SHH-based gas sensors for environmen-
tal or breathing gaseous molecule monitoring. For example, a
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Table 4. Comprehensive performances comparison of various SHH wearable sensors.
Sensing mechanism Hydrogel material Monitoring Responsivity/GF Self-healing Self-healing efficiency Refs.
signal property
Piezoresistance PVA/PVP/CNCs/Fe3* Strain 0.478 (0-200%) Electrical ~100%, 5 min [298]
Piezoresistance PVA/SWCNT/Borax Strain 1.51 (0-1000%) Electrical 98 +0.8%,3.2s [5]
Piezoresistance PAA/MXene/ACC Strain 1.51 (0.3-30%); Electrical ~100%, 0.2 s [299]
10.79 (30-450%)
Piezoresistance PAM/PBA-IL/CNF Strain 3.41 (0-300%); Mechanical 91.98 +2%, 2.5 h [304]
8.36 (300-1000%)
Capacitance change PVA/MXene/Borax Strain ~0.4 (0-200%) Functional 97.5%, 0.15 s [317]
Capacitance change PSBMA/DA/PEGDA Strain; 0.71 (5-200%); Functional ~100% [313]
pressure 0.096 kPa~" (0.16—4 kPa)
Resistance change PAA/PANI/Fe3* Temperature; TCR=-0.016°C"! Mechanical 90.8%, 6 h [319]
strain (40-110 °C);
19.28 (169.04-268.9%)
Resistance change TA/Graphene/PAH/PAA/PNIPAM Temperature; TCR~0.012°C"! Mechanical 87%, 6 h [192]
strain (20-80 °C);
GF = 1.3 (0-300%)
Conductance change PVA/CNF/Glycerol Humidity 250 (11-98% RH) Mechanical 60.4%, 1 min [323]
Amperometry and cyclic QCS/MOx/OD/GOx Glucose Sensitivity: Functional >75%,2h [327]
voltammetry 176 pA mM~" cm—2
Resistance change under PAM/Carr/CaCl, NO, Sensitivity: 1.199 ppm™~! Electrical ~100%, 4.5 s [329]
gas exposure
Current change under gas PAM/CS 0, Sensitivity: 0.002 ppm™! Functional ~100% [330]

exposure

SHH-based NO, gas sensor was created using two Ag wire
electrodes to enwound a multifunctional CaCl,-infiltrated ion-
conductive hydrogel (Figure 17¢).3?%1 By making use of the re-
dox reactions generated at the hydrogel-electrode interfaces, the
sensor exhibited a rapid electrical response to NO, gas, demon-
strating a sensitivity of #120% ppm™" and a low LOD of 86 part
per trillion (ppt). Furthermore, the original and healed sensors
produced almost consistent responses to 3—-0.6 ppm NO, in a
humid environment (98% RH) due to the reconstruction of ion
transport channels at the healing interface with the reforma-
tion of H-bonds. Similarly, a self-healable, stretchable, and self-
adhesive organohydrogel-based O, sensor was constructed based
on a two-electrode chemiresistor structure by using PAM/CS
DN organohydrogel as a transduction material.>*"] The redox re-
action generated at the hydrogel-electrode interface and the in-
duced current change responded to the O, concentration varia-
tion. The sensor exhibited a concentration detection range of 0—
100%, a LOD of 5.7 ppm, a sensitivity of 0.2% ppm™!, as well as
good linearity and excellent repeatability. Notably, the prepared
hydrogel gas sensor could produce almost the same response be-
fore and after healing, proving a robust restoring capacity. Vari-
ous other self-healing gas sensors, such as diol oligomer func-
tionalized self-healing graphene hydrogel-based NH, sensors,
have also been constructed.!?3!! Table 4 systematically compares
the performances of various SHH-based wearable sensors.

3.2. Self-Healing Hydrogel Supercapacitors
Soft supercapacitors are an indispensable electronic component

for wearable electronics, sensors, and bioactuators, which can
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satisfy the demanded power and enable the true wearability of
flexible electronic systems.[332-33] Typically, one supercapacitor
comprises two outer electrodes and one intermediate electrolyte.
The used materials for the electrode and electrolyte essentially de-
termine the device’s flexibility and electrochemical performance.
There has been tremendous interest in SHH-based supercapac-
itors in recent years because of their capacity to combine mul-
tiple appealing functions into one device, including biocompat-
ibility, stretchability, flexibility, self-healing capacity, and widely
tunable physicochemical properties. These merits originate from
the versatile nature of hydrogels, such as excellent biocompatibil-
ity, superior stretchability, tunable physical and chemical proper-
ties. Remarkably, unlike conventional solid or liquid materials,
hydrogels possess not only liquid-like ionic conductivity but also
solid-like dimensional stability, which is desirable for the devel-
opment of flexible supercapacitors.[*>>-¥] Furthermore, the self-
healing capacity could further expand the reusability of soft su-
percapacitors after damage and thus lifetime. Therefore, numer-
ous efforts have been put into the investigation of flexible su-
percapacitors, and their advances are discussed in the following
sections.

In most developed self-healing supercapacitors, SHHs are em-
ployed as the electrolyte material. The research focused on im-
proving their overall properties, including their ionic conduc-
tivity, mechanical stretchability, power density, self-healing abil-
ity, etc. Typically, hydrogel electrolytes consist of host polymer
matrices, copolymers, inorganic ionogen salts (such as acids,
alkalis, salts, or ionic liquids), plasticizers, and in some cases,
inorganic fillers.3%®! Liu et al. designed a stretchable and self-
healable supercapacitor composed of a SHH electrolyte sand-
wiched between two MWCNTs electrodes.**] The hydrogel
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electrolyte was formed by incorporating LiCl into PEI, PVA, and
4-formylphenylboronic acid (Bn) based hydrogels. The resultant
hydrogel exhibited a high stretchability of 1223%, a SHE 0f 94.3%
in 120 s, and a conductivity of 2.149 S m~'. The supercapacitor
demonstrated an operating potential range of 1.4 V, a specific ca-
pacitance of 16.7 mF cm™2, an energy density of 3.13 uWh cm™2,
and a high stability of 10 000 charging/discharging cy-
cles with 86% capacitance retention. Kim et al. demon-
strated a self-healable supercapacitor with degradable properties
(Figure 18a).'>21 The hydrogel electrolyte was synthesized
by cross-linking Azo-PAM and water-soluble a-CD-grafted-
epichlorohydrin (a-CDP) with LiCl incorporated. The healed hy-
drogel electrolyte exhibited near conductivity with its original
one (43.25 mS cm™!) and 98% of its original electrochemical
property during 10 cutting-healing cycles. Owing to the supe-
rior performance of the hydrogel electrolyte, the supercapaci-
tor could maintain over 90% of its original capacitance after 5
healing cycles,and be stretched to 50% for more than 500 times
without significant performance reduction. Besides, the devel-
oped supercapacitor could degrade and dissolve in water under
UV light irradiation. Similarly, self-healing and adhesive super-
capacitors based on ionic liquid hydrogel electrolytes were also
developed.34]

To decrease the contact resistance at electrolyte-electrode in-
terfaces and address issues such as the delamination, interlayer
slippage, and crease formation of the multilayer configuration
under twisting, bending, and stretching, a large number of
researchers were devoted to constructing fully integrated or
all-in-one SHH-based supercapacitors. For example, a fully self-
healing and shape-editable wearable supercapacitor by sandwich-
ing a SHH electrolyte between two PEDOT: PSS-rGO electrodes
was designed by Zhao and co-workers (Figure 18b).3*!l The hy-
drogel electrolyte involved UPy and lauryl groups, contributing
to superior self-healing capacity and stretchability (>12 000%).
The PEDOT: PSS-rGO nanocomposite electrodes enhanced the
device capacitance and self-healing ability after stream treat-
ment (80 °C). Additionally, the polyurethane-polycaprolactone
(PU-PCL)-based substrate also afforded self-healing and shape
editability. Consequently, the fabricated supercapacitor demon-
strated fully self-healing ability, repeatable shape editability,
and superior electrochemical performance, i.e., 95% and 95.8%
capacitance retention after 5 cutting-healing cycles and after
10 000 charging/discharging cycles, respectively. It also showed
negligible capacitance loss during different shape editing,
like “U”, “spiral”, and “ring” shapes. Guo et al. developed a
self-healable all-in-one supercapacitor by in situ polymerizing
and depositing SWCNT-PANI nanocomposites on the sur-
faces of a PVA-H,SO,-based SHH electrolyte (Figure 18c).[>*?]
The assembled capacitor avoided delamination of the struc-
ture under deformation and exhibited improved capacitance
(15.8 mF cm™2), good cycling stability, and a restoring capability
with 80% capacitance retention after 5 healing cycles. Based
on the same strategy, self-healable all-in-one supercapacitors
based on PAA/PSBMA/H,SO, and PAA/PSBMA/Fe**/H,SO,
were also developed.***3*] By introducing chemical bonds
between interlayer interfaces, Mo and co-workers fabricated an
all-in-one supercapacitor based on SHH electrolyte composed
of SF conjugated with p-CD (SF-CD) and PAA conjugated with
p-CD (PAA-p-CD) and PPy-supramolecular hydrogel-based
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electrodes (Figure 18d).>*] Multiple interactions formed Dbe-
tween hydrogel layers as well as inside hydrogels, including
host-guest interactions, imine bonds, and H-bonds, are intro-
duced. No delamination was discovered during the bending
and twisting process of the prepared supercapacitor, exhibiting
stable electrochemical performance and excellent self-healing
ability (~95.8% of the original capacitance after cutting and
healing for 30 cycles). Similarly, Chen et al. constructed a highly
stretchable and omni-healable supercapacitor by assembling
a GP/Na,SO, hydrogel electrolyte between two GCP@PPy
hydrogel electrodes.?°!] Owing to the nearly similar components
and the same chemical bonds, every layer could be bonded
tightly together and assembled into integrity without visible
cracks. Other self-healable super-capacitors consisting of multi-
stimuli healable Fe;O,@Au/PAM hydrogel electrolytel2¢]
and PVA/CPBA/Ca** hydrogel electrolyte,>*] were also
fabricated.

Some other researchers were devoted to exploiting self-healing
supercapacitors under harsh conditions, such as for application
in wide temperature ranges or underwater circumstances. For
instance, Tao et al. proposed a self-healable and anti-freezing
supercapacitor by assembling a DA-grafted SA/potassium chlo-
ride (SA-g-DA/KCI) hydrogel electrolyte between two activated
carbon (AC) electrodes (Figure 18¢).3*7] Owing to the tolerance
of alginate networks to KCl and the regeneration of catechol-
borate ester bonds, the hydrogel electrolyte presented excel-
lent ionic conductivity at low temperatures and superior self-
healing capability without extra stimuli. As a result, the healed
capacitor could reach 95.9% of the original specific capacitance
(97 F g7t at 1.0 A g!) within 10 min. It could also retain a
solution and charge-transfer resistance approaching its original
state even after 10 healing cycles. The capacitor also had a good
cold-resistant ability between —10 °C and 0 °C, with 18% de-
crease in specific capacitance at —10 °C compared with that at
25 °C. Similarly, Wang et al. constructed a low-temperature self-
healing and renewable supercapacitor based on a self-healable
P(N-vinylimidazole-co-hydroxypropyl acrylate)/NaNO, hydrogel
electrolyte demonstrating a superior electrochemical self-healing
capacity at temperatures varying from 25 to —15 °C.3%l Be-
sides, Peng and co-workers also prepared a wide-temperature
tolerant self-healable supercapacitor by introducing ionic liquid
(EMIMBE,) into PVA/Agar/Li,SO, hydrogel electrolyte.?*) The
as-prepared supercapacitor delivered high capacities (28.8 F g~!
at 0.3 A g7!) at a broad operating temperature ranging from —30
to 80 °C and could recover over 80% of the original electrochemi-
cal performances after five cutting-healing cycles. The main per-
formances of typical SHH-based supercapacitors are summa-
rized in Table 5. More studies on SHH supercapacitors can be
referred to Ref. [335].

3.3. Self-Healing Hydrogel Display Devices

Self-healing flexible display devices represent an emerging ap-
plication of SHHSs, which can collect information from wearable
sensors and display the retrieved data to users, playing an indis-
pensable role in wearable electronics.[3°2 The diverse advantages,
such as high mechanical compliance, excellent biocompatibil-
ity, liquid-like ionic conductivity, high transparency, and tunable
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Figure 18. SHH-based supercapacitors. a) Structure schematic of self-healing supercapacitor, images of the process of powering the LED when break-
ing/healing, and the capacitance retention during 5 cutting-healing cycles. Reproduced with permission.l’>2] Copyright 2021, Elsevier. b) Structure
schematic of a fully self-healing and shape-editable supercapacitor and the electrochemical self-healing performances after multiple healing cycles. Re-

produced with permission.[3*'l Copyright 2022, John Wiley & Sons. c) The self-healable all-in-one supercapacitor by in situ polymerizing and depositing

methods, the optical microscope of the prepared supercapacitor, and the electrochemical self-healing property after 5 healing cycles. Reproduced with
permission.[342] Copyright 2018, John Wiley & Sons. d) Structure schematic of the self-healing non-laminated all-in-one supercapacitor by introducing
chemical bonds, photographs of the non-laminated structure under twisting, and the electrochemical self-healing properties of the healed superca-
pacitor with different cutting places. Reproduced with permission.[343] Copyright 2021, John Wiley & Sons. e) Structure schematic of the self-healable
cold-resistant supercapacitor, the electrochemical self-healing performance under multiple healing cycles and different temperatures. Reproduced with
permission.34’] Copyright 2017, American Chemical Society.
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Table 5. A summary on the main performances of typical SHH-based supercapacitors.

Electrolyte material Electrode material Specific capacitance Capacitance Self-healing efficiency Refs.
retention [Cycles] [Cycles]
PEI/PVA/Bn/LiCl MWCNTs 11.5 mF cm~2 at 0.05 mA cm™2 86% [10 000] - [339]
Azo-PAM/a-CDP/LiCl MWCNTs-COOH 2.2 mF cm™2 at 0.2 mA cm—2 68% [10 000] > 90% [5] [152]
UPyHCBA/P(AM-co-LMA) PEDOT:PSS-rGO 522Fcm2at10mVs™' 95.8% [10 000] 95% [5] [341]
PVA/H,SO, SWCNTs/PANI 15.8 mF cm~2 at 0.044 mA cm™2 82% [2396] 80% [5] [342]
PAA/PSBMA/Fe3* [H,SO, CNTs/PANI 109 mF cm~2 at 0.2 mA cm—2 85% [2000] - [343]
PAA-B-CD/SF(Lys, Tyr) PPy/PAA-3-CD/SF 0.37 Fcm™2 at 1 mA cm2 80.5% [4000] 95.8% [30] [345]
GNs/PAM GNs/PAM/CNTs/PPy 885 mF cm~2 at 1 mA cm™2 93% [10000] 92% [1] [261]
P(Vl-co-HPA)/NaNO, AC 90.0Fg'at1.0A g™’ 93.9% [20 000] - [348]
PVA/PHEA/H,SO, PANI/PVA/PHEA 98 mF cm=2 at 0.2 mA cm ™2 98% [8000] 96% [4] [350]
Fe**/PAA/H,SO, CWF/PANI 2174Fglat1.67Ag™! 80% [2000] 86% [7] [357]
PAA/PSBMA/H,SO, PANI 430 mF cm™2 at 0.5 mA cm™2 ~90% [10 000] 84.6% [10] [344]
PVA/CPBA/CaCl, PANI/PVA 351Fgat1Ag™! 85.7% [1000] 49.8% (1] [346]

light absorption, transmission, or reflection nature, make hy-
drogels an appealing building-block material for flexible display
devices, especially for application on biological organisms.[26:3>3]
Meanwhile, with the self-healing ability, the display devices can
recover after damage and maintain their function and reusabil-
ity. In recent years, with increasing efforts invested into this area,
a diversity of SHH-based optical displays has been developed,
which can be mainly categorized into electrochromic and elec-
troluminescent devices. Detailed accounts of their progress are
provided below.

SHH electrochromic devices (ECDs) have been extensively
studied due to their simple configuration, high contrast, low
driving voltage, and tunable optical properties. Generally, their
structures are composed of an electrochromic electrode for light-
emitting, a counter electrode for ion storage, and an intermediate
electrolyte layer for ionic transportation.l*3-3%°] SHHs were em-
ployed as the electrolyte layer because of their reduced risk of so-
lution leakage compared to conventional liquid electrolytes and
improved ionic conductivity in comparison with conventional
solid electrolytes. Owing to the reconstruction of electrons and
ions migration pathway, the electrochemical reactions between
chromophores with different valence states and cathodic/anodic
materials could recur, thus achieving the repair of ED proper-
ties. For instance, Wang et al. devised a SHH ECD by sand-
wiching a self-healable P(AA-VIm-VSNP) hydrogel electrolyte be-
tween a viologen derivative (Bpy) electrochromic electrode and a
PANI/ITO-based counter electrode.l***) The SHH electrolyte was
prepared by radically polymerizing AA, 1-vinylimidazole (VIm),
vinyl hybrid silica nanoparticles (VSNP), and with the introduc-
tion of Bpy and lithium perchlorate (LiClO,). The assembled ECD
exhibited an optical contrast ratio (AT) of over 45%, a fast switch-
ing time of 2.0 s and 1.8 s for coloring and bleaching, respec-
tively, a coloration efficiency (CE) of 406.96 cm? C, and a cyclic
stability of more than 5000 cycles. Importantly, due to the in-
ternal multiple H-bonds, the hydrogel electrolyte could recover
over 90% of its original mechanical properties and had no ob-
servable gap in the healed interface after 20 min healing. How-
ever, as the electrodes lacked self-healing ability, the entire device
could not self-repair after damage. Similarly, Chen et al. prepared
a SHH-based ECD by sandwiching a SHH electrolyte between
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an electrochromic layer of poly(3,4-(2,2-dimethylpropylenedioxy)
thiophene) (PProDOT-Me,) and an ITO/PET counter elec-
trode (Figure 19a).”) The hydrogel electrolyte was synthe-
sized by immersing the copolymer of glycerol monomethacry-
late (GMA) and AAm into a mixed solution composed of borax,
LiClO,, and 3-((ferrocenylmethyl)dimethylammonio)-propane-1-
sulfonate (Fc-S). The resultant hydrogel electrode exhibited su-
perior multifunctions, such as a high stretchability of 1155%, a
breaking toughness of 136.6 k]-m~3, a SHE of 97%, and an ionic
conductivity of 4.5 mS-cm~!. The ECD demonstrated stable me-
chanical and optical performances during more than 1000 oper-
ating cycles, gradual repair ability and reusability within 30 min
under small cracks. Many other SHH-based ECDs can be seen in
Ref. [358-360).

In addition, researchers also attempted to construct SHH-
based electroluminescent devices (ELD). For instance, Liang
et al. devised an omni-layer-healable ELD using a self-
healable PAA/NaCl hydrogel as the electrode and self-healing
PU/ZnS/boron nitride (BN) as the intermediate phosphor com-
posite layer (Figure 19D).3°!l The hydrogel electrode and phos-
phor composite layer could entirely restore their initial physico-
chemical performances when damaged. Consequently, the ELD
achieved a high self-healing capacity with a SHE of 83.2% in
luminescent performance after ten cycles of cutting and heal-
ing. By utilizing the inter-device healing ability, different shapes
of light-emitting devices were further assembled. Except for
the ELD, some other SHH-based light-emitting devices were
also developed. For instance, Zhang et al. prepared a white-
light-emitting hydrogel that is both self-healable and emitting-
tunable.**?] The hydrogel was developed by mixing oxidized dex-
tran and dithiodipropionate dihydrazide, and further doped with
carbon dots, Riboflavin, and Rhodamine B (Figure 19c). The as-
prepared hydrogel was covered on an ultraviolet light-emitting
diode to convert UV light to white light. Impressively, the hy-
drogel could self-heal in 20 h under pH conditions (from 5 to 9,
except 7), exhibiting a promising potential in flexible optical de-
vices. Besides, some luminous SHHs were also invented and ap-
plied in white LEDs, optical information coding and encryption,
etc.[363-366] A summary on the main performances of SHH-based
ECDs and ELDs is given in Table 6

© 2024 Wiley-VCH GmbH
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Figure 19. SHH-based display devices. a) Structure schematic of SHH-based ECD, photographs of the cutting-healing device. Reproduced with
permission.!337] Copyright 2017, American Chemical Society. b) Schematics of the structure and healing mechanism of the SHH-based ELD, the elec-
troluminescent photographs of the original and healed devices, and photographs of the healed device after being cut into 11 pieces. Reproduced with
permission.[3¢1] Copyright 2018, Springer Nature. c) Schematic diagram of the preparation of the white-light-emitting hydrogel and photographs of the
original and healed hydrogels coated on an ultraviolet light-emitting diode. Reproduced with permission.[362] Copyright 2020, Elsevier.

Table 6. A summary on the comprehensive performances of SHH-based ECDs and ELDs.

EC/EL materials Hydrogel materials AT [4] CE [em? C7] Response time [s] Stability Self-healing Self-healing Refs.
[Cycles] property efficiency
Coloration Bleaching
PProDOT-Me, P(GMA-co- 49% (582 nm) - 1.6 2.0 1000 tensile strain 97%, 60 s [357]
AAm)/LiCIO,/Borax/Fc-S
WO, PAA-HPMC-CaCl, 66% (633 nm) 84.6 13 12 3000 tensile strain ~ ~100%, 8 h [367]
Bpy P(AA-VIm-VSN) 45% (581 nm) 406.96 2.0 1.8 5000 tensile strength 90.5%, 20 min ~ [356]
AVCOOEt PVA-borax-IL, 5 65.3% (406 nm) 510 6.09 7.93 3000 conductivity ~ ~100%, 40 s [368]
PA/FcA CS/PEO-DBA/EG 65% (600 nm) - 17 19 1000 Macro 20-240's [369]
KVO/MC LiClO, /propylene carbonate 58.03% (500 nm) 78.8 5.6 3.4 10 000 - - [370]
WO, P(MMA-co-DEA-co-  49.9% (650 nm) 96.2 7 4 200 tensile strain  85%, 12 h 371]
AA) /[Emim]TFSI
ZnS/Cu PVA-BA/EmimCl luminance: 114 cd m=2, 50 V, 400 Hz 800 tensile strain 91%, 2 h [372]
ZnS/BN PAA/NaCl luminance: 70.5 cd m~2, 3 V/um, 500 Hz - luminance 83.2%, 10 [367]
cycles
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3.4. Self-Healing Hydrogel TENGs

SHH-based TENGs have drawn increasing interest recently
because they can combine the advantages of both hydrogels
and TENGs, and overcome mechanical damage-induced perfor-
mance degradation and function failure. In contrast to super-
capacitors, TENGs are a type of energy harvester that can con-
vert mechanical vibrations into electricity based on triboelectrifi-
cation and electrostatic induction, providing wearable electron-
ics and devices with renewable and sustainable power.33374]
Hydrogels possessed the advantages of high transparency, high
ionic conductivity under large deformation, excellent stretchabil-
ity, and biocompatibility. Consequently, they are considered as
promising electrode materials for TENGs and can be facilely in-
tegrated with other flexible wearable biomedical devices.!*”] Fur-
thermore, the self-healing capacity of hydrogels can solve the is-
sue of device failure caused by continuous mechanical force stim-
ulus (e.g., stretching) and repeated friction between different de-
vice layers during the energy collection process, enabling TENGs
for practical engineering application.’’¢] Therefore, numerous
efforts have been invested in SHH-based TENGs.

In most investigations, researchers were devoted to construct-
ing TENGs working in a single-electrode mode with SHHs
as the ionic conductive electrode and elastomers possessing
high tribo-negativity (e.g., PDMS) as the triboelectric layer
(Figure 20a).1”7) Efforts were concentrated on simultaneously
improving the multi-functionality of hydrogels, such as self-
healing capacity, ionic conductivity, stretchability, mechanical
toughness, etc., and thus the overall performance of TENGs. For
instance, Long and co-workers constructed a self-healable single-
electrode mode TENG using a stretchable and self-healable
PAM/PDA hydrogel electrode and a polytetrafluoroethylene
(PTFE) electrification film.378] Compared to conventional copper
electrodes, the hydrogel electrode could prominently enhance the
output performance and stability even when seriously stretched.
Furthermore, owing to the H-bonds between PAM and PDA
chains, the TENG could self-heal in 5 h and achieve approxi-
mately 85% of its original electric output. To enhance the elec-
trical output performance and achieve autonomous self-healing
capacity, Guan et al. fabricated a SHH TENG by exploiting self-
healable PVA/Agar/polydopamine particles (PDAPs)/MWCNTs
hydrogels as the electrodes and silicone rubber as the tribo-
electric film.° The incorporation of PDAPs and MWCNTs in
the hydrogel electrodes enabled the prepared TENGs to self-
heal mechanically (a SHE of ~93%) and electrically (a SHE
of ~100%) when they were exposed to NIR light for 1 min.
It could harvest human motion energy and charge commer-
cial LEDs sustainably, exhibiting a short-circuit charge (Q,,) of
~32 nC, an open circuit voltage (V) of 95 V, and a short-
circuit current (I,) of ~1.5 pA. Liu and co-workers proposed a
TENG with a PVA/PDAPs/graphene/Glycerol-based SHH as the
electrode and a dielectric PDMS/CNTs as the triboelectric layer
(Figure 20b).*%] The broken TENG could self-heal in 1 min with-
out additional stimuli, and restore 94% and 92% of its origi-
nal Q,. and V_, respectively. Compared with pure PDMS, in-
corporating CNTs in PDMS could significantly improve the Q.
and V., and power 37 LEDs simultaneously, exhibiting superior
electrical output performance. Besides, similar TENGs based on
various SHH electrodes, such as PAM/PAA/graphene/PEDOT:
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PSS,1381 PVA/SA3771 and PAA/gelatin/NaClL%%2] were also
developed.

Since their self-healing capacity mainly relied on the healing
ability of the used hydrogel electrode, the aforementioned TENGs
could not fully self-repair, resulting in limited performance re-
covery ability. To address this issue, researchers tried to explore
fully self-healable TENGs, in which each layer of the device could
self-heal after damage. For instance, Lai et al. presented an en-
tirely self-healing TENG using healable PDMS and ionic con-
ductive hydrogels as the triboelectric layer and electrode layer, re-
spectively (Figure 20c).3®%] The healable PDMS was synthesized
based on the coordination interactions between the zinc ions
and the condensation polymer of bis(3-aminopropyl)-terminated
PDMS and bipyridine groups. The healable hydrogel was cross-
linked by borate ester bonds between PVA and tetrahydro borate
ions. On this foundation, the as-prepared TENG exhibited a fully
self-healing capacity (100% efficiency at 900% strain in 30 min)
and could retain its functionality after 500 cutting-healing cycles.
Furthermore, it showed high transparency of 88.6% and inherent
super-stretchability of more than 900%. The TENG could harvest
low-frequency (1-4 Hz) mechanical energy and outputa V,, of 20
V,an I of 240 yA m~2, and a power of ~5 mW cm™2, respectively,
and successfully power an electronic watch and calculator. Yang
and co-authors proposed a multifunctional TENG with a rapid
self-healing ability and photo-thermal property.*¥*] It was com-
posed of PDA-CNTs/PVA/Borax-based SHHs electrodes and two
self-healable silicone elastomer triboelectric layers. Due to the dy-
namic imine bonds in silicone elastomer and the H-bonds and
borate ester bonds in hydrogel electrode, the whole TENG was
able to self-repair and achieve 80% of its original electrical out-
puts within 10 min when damaged.

To endow SHH TENGs with anti-freezing and anti-drying per-
formances for application in harsh environments, Guo et al. con-
structed anti-freezing zwitterionic SHH-based TENGs that could
instantly recover upon damage in a wide temperature range.[?’%]
The SHE of the hydrogel electrode in tensile strain and toughness
reached 94.70% and 66.59% within 72 h, respectively, and the
conductive SHE reached almost 100% under multiple cutting-
healing cycles and different temperatures (—20 to 20 °C). The as-
prepared TENG device demonstrated a typical V. of 123 V, I of
5.1 pA, and Q,, of 42 nC. Its electric output performance could
almost completely recover after 1 min healing at RT. Huang et al.
utilized PAM/clay organohydrogels and healable PDMS as the
electrode and charged layer, respectively, and prepared an ultra-
fast self-healing TENG with thermo-resistant, anti-drying, and
anti-freezing performances (Figure 20d).2”! The self-healable
organohydrogel was synthesized by incorporating glycerol into
cross-linked PAM-clay hydrogels. It exhibited hydrophobic and
icephobic properties, and could restrain the accumulation of wa-
ter and ice layers on the device’s surface. As a result, the healed
TENGs demonstrated a high SHE above 95% in electric output
after 1 s healing in a broad temperature range of —30 to 80 °C.
Besides, other anti-freezing self-healing supramolecular gel and
ionogel-based TENGs were also fabricated.[38>3%¢]

Integration of TENGs with wearable sensors to realize self-
power presents an emerging development trend for flexible wear-
able electronics, which is desirable for practical engineering
applications. Bagchi and co-workers constructed a self-healing
TENG composed of a healable AuNPs/PVA hydrogel electrode

© 2024 Wiley-VCH GmbH
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Figure 20. SHH-based TENGs. a) Schematics of the working principle of TENGs based on the single-electrode mode. Reproduced with permission.[37]
Copyright 2020, American Chemical Society. b) Structure schematic of the self-healing TENGs using PVA/PDAPs/graphene/Glycerol hydrogel as the
electrode, and the picture of the SH-TENG lighting 37 LEDs. Reproduced with permission.[38] Copyright 2021, Elsevier. c) i) Structure schematic of the
self-healing EHTS-TENG, ii) performances of EHTS-TENG after self-repair, iii) the cycle self-healing capability and stability, and iv) the application of
gathering energy to drive electronic watch and calculator. Reproduced with permission.[383] Copyright 2019, John Wiley & Sons. d) Structure schematic
of the self-healing organohydrogel-based TENG, V.. of the OG-TENG at different temperatures, and the signals of OG-TENG (attached on one foot)
during walking and running under different temperatures. Reproduced with permission.[273] Copyright 2020, Elsevier. e) Demonstration of finger bend-
ing movement detection capability of G3 TENG. Reproduced with permission.[387] Copyright 2023, Elsevier. f) Schematic illustration of wrist motion
monitoring based on an O-TENG and V., variation of slight wrist shaking. Reproduced with permission.[>38] Copyright 2022, John Wiley & Sons.
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Table 7. A summary on the main performances of SHH-based TENGs.

Hydrogel material Tribo-pair Size [cm?]  Qsc [nC] Voc V] Isc [HA] Self-healing Self-healing efficiency Refs.

properties

PVA/Agarose/PDAPs/MWCNTs Silicone rubber 3x3 ~32 ~95 ~1.5 Qg I ~100%, 1 min [379]
PVA/PDAPs/Graphene/Glycerol PDMS/CNTs 25x25 ~44 ~132 - Qi Voc 94%, 1 min; 92%, 1 min [380]
PVA/MXene/Borax Ecoflex 2x5 38 230 0.27 - - [389]
PAM/PAA/Graphene/PEDOT: PSS PDMS/CNTs 42 NA 141 038 Vo Isc ~96%, 12 h; ~85%, 12 h 387]
MDHS/HEMA/PAA/LICI PDMS 4x5 42 123 5.1 Voo lse ~100%,1 min [278]
HTS-c-hydrogel HTS-PDMS 4%x25 7 20 0.24 Voc >90%, 1h 383]
PAM/PDA PTFE 25x25 100 230 12 Voc lsc ~84%, 5 h; ~80%, 5 h [378]
PAM/Clay/Glycerol IU-PDMS 4x4 29 157 16 Voo lse >95%, 1s [273]
PVA/PDA-CNTs SH-AD-549 - 78.34 38.57 7.98 Voci Qsc ~96%, 10 min; ~80%, 10 min 384]
PVA/PEI/LiCl Silicone rubber 3x5 47.48 78.44 1.42 Voc ~100%, 1 min [390]
PAA/Gelatin/NaCl VHB 2%x3 ~6 ~22 ~0.4 Electrical 99%, 2.5 min [382]
P(AMPS-co-AA-co- PTFE 2x2 25 75 0.6 Voer lsc ~100%, 1 min [397]

DMAPMA)/Laponite/Graphene/LiCl

and an Ecoflex-based triboelectric layer.¥”] Because of its good
conformability to the human body, the device could adhere to the
finger joint, neck, and knee for energy acquisition (Figure 20e).
Concurrently, the state of human motion was also detected dur-
ing the process of energy acquisition. Besides, Zhang et al. pro-
posed a self-healing O-TENG composed of a multifunctional
Ag@rGO/PVA/PAM organohydrogel electrode layer for self-
powered biomechanical sensing.*8] It identified handwriting
via distinguishable and repeatable signature voltage signals re-
sponsive to different handwritings. Furthermore, it was adhered
to the human wrist for biomechanical activity monitoring, suc-
cessfully recognizing three amplitude levels of wrist movements
(Figure 20f). Table 7 summarizes the main peoformances of vi-
rous SHH-based TENGs developed in recent years.

3.5. Self-Healing Hydrogel Implantable Bioelectronics

Implantable bioelectronics play an indispensable role in person-
alized healthcare because they can interface directly with the bio-
logical tissues or organs inside human bodies to implement vital
bio-signals monitoring or chronic disease treatment, which gen-
erally can not be realized by those on-skin or wearable electronics
mentioned before. Compared with those silicon-based conven-
tional counterparts, hydrogel-based soft implantable bioelectron-
ics are drawing increasing interest(**”) because of their tissue-
mimicking mechanical, electrical, and biocompatible properties,
which successfully solve the issues of non-conformal contact with
bio-tissues, mechanical mismatch at biotic-abiotic interfaces,
and prominent immune reactions and rejection.[333%1 The self-
healing function further endows the hydrogel implantable bio-
electronics with the capacity to bear stress fatigue, and repair
cyclic deformation-induced cracks and property degradation in
harsh in vivo environments, and thus expand their lifetime, long-
term stability, and sustainability. Therefore, self-healing hydro-
gel implantable bioelectronics provide an ideal solution to in
vivo biomedical applications, which have sparked numerous re-
search interests in recent years. To date, a diversity of self-healing
hydrogel implantable bioelectronics have been developed for
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nerve signal recording, tissue repairing, and neuromodulation
and therapy, including implantable electrodes, bioactuators, and
sensors.

Among various implantable bioelectronics, SHH implantable
electrodes have been extensively investigated owing to their
widespread application in electrophysiological monitoring and
disease treatment. Specifically, by exploiting the sensing func-
tion, SHH electrodes can be intimately and conformally attached
to brain tissues, nerves, cardiac tissues, and muscles to mon-
itor their electrical potential variations during life activities to
diagnose their health status, e.g., electroencephalogram (EEG)
signals, electromyographic (EMG) signals, and ECG signals.[>¢]
By using its electrical conductivity, the electrode can operate
as a simulator to apply electrical stimulation to the targeted
brain regions, peripheral nerves, or specific muscle tissues for
major diseases treatment or organ function assistance, such
as epilepsy,1*”3%! chronic pain,**) muscular dystrophies.*00401]
For instance, Han and co-workers designed a self-adhesive,
conductive, and self-healable PDA-pGO-PAM hydrogel as an
implantable electrode for in vivo electrical signal detection
(Figure 21a).1421 The SHH electrodes exhibited a high stretch-
ability (3500%), toughness (4280 ] m™2), electrical conductivity
(0.08 S cm™!), self-healing ability (95% in electrical SHE), and ex-
cellent biocompatibility because of the introduction of the PDA
chains and PDA partially reduced rGO. After implanting into
the human dorsal muscle, the electrode successfully collected its
electrical voltage variation, with a signal magnitude of 0.1-40 mV,
which was much higher and more accurate than the signals de-
tected by skin-attachable electrodes, demonstrating its efficiency
in monitoring the electrical signal of deep muscle tissues. Choi
et al. prepared an alginate-based conductive SHH implantable
electrode for the electrical connection and signal transduction be-
tween muscles.['7%] To evaluate the electrophysiological bridging
effect of the prepared SHH electrode, an ex vivo muscle-hydrogel-
muscle defect model was constructed, where one muscle was
electrically stimulated and another one was used to extract EMG
signals. Owing to the superior conductivity of the intermediate
SHH electrode, the action potential produced by stimulated mus-
cle tissue was effectively transferred to and detected from another

© 2024 Wiley-VCH GmbH
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Figure 21. SHH-based implantable bioelectronics. a) Schematic of self-healable PDA-pGO-PAM hydrogel as the intramuscular electrode for EMG signal
detection, the photograph of the practical implantation of the hydrogel, and the recorded EMG signal from the rabbit’s muscle under external stimula-
tion. Reproduced with permission.[4%2] Copyright 2016, John Wiley & Sons. b) Self-healable SG hydrogel biodevice for neuromodulation. i) Illustration
of the Au/SG hydrogel biodevice for sciatic nerve modulation under electrostimulation; ii) Pictures of rat’s joint bending angles with/without electros-
timulation; iii) a plot of muscle force as a function of stimulation frequency. Reproduced with permission.[*3] Copyright 2022, John Wiley & Sons. c)
Self-healable POG, hydrogel-based ECP for Ml repair. i) lllustration of the implanted hydrogel ECP for Ml repair; ii) Echocardiographic images for hearts,
iii) Masson'’s trichrome staining images, and iv) a-SMA staining (green) and vWF staining (red) images of the MI areas without and with POG, hydro-
gel ECP transplantation at 4 weeks. Reproduced with permission.[46] Copyright 2021, Elsevier. d) Self-healing GPT hydrogel-based NGC for peripheral
nerve regeneration. i) Schematic of hydrogel wrapping injured sciatic nerve and Masson’s trichrome staining results of the sciatic nerve at 2 weeks; ii)
Immunohistofluorescence images of the sciatic nerve at 2 weeks. Reproduced with permission.[*%] Copyright 2021, Elsevier.

muscle. And the EMG amplitude and signal pattern were almost
consistent with those extracted for another muscle-muscle defect
model (the control group), demonstrating its tissue-like electro-
physiological bridging capacity and great potential in the usage
of SHH implantable electrical interconnectors.

Besides EMG signal monitoring of deep muscle tissues, elec-
trophysiological signal detection and modulation of brain and
nerves are other attractive applications of SHH implantable elec-
trodes. In recent years, increasing efforts have been devoted to
the development of SHH implantable bioelectrodes because of
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their significance in EEG monitoring and the treatment and
rehabilitation of neuropathic diseases. Sun et al. developed a
self-healable multifunctional hydrogel with superior conductiv-
ity and good biointegration, and utilized it as an implantable
bidirectional interface for both neural recording and therapeu-
tic electrostimulation.[“®*] On this foundation, an SG hydrogel-
based neuromodulatory electrode was invented and further im-
planted in the sciatic nerve of a rat model for function validation
(Figure 21b). By applying different frequencies and intensities of
electrical stimulations on the sciatic nerve, the ankle joint of the
rat’s leg could bend at different speeds and angles, demonstrat-
ing the neuromodulation capability of the SG hydrogel bioelec-
trode in the peripheral nervous system. More importantly, with
the anti-swelling and self-healing capacities, the hydrogel-based
bioelectrode implanted in the sciatic nerve could maintain steady
under both dry and wet conditions, as well as a stable ankle joint
movement under pulse electric stimulations with an intensity of
50 pA and a time of duration of 100 us even after one week. The re-
sults demonstrated the long-term implantable capacity and great
potential in the therapy of neurological diseases.

In addition, SHH implantable electronics have also been ex-
tensively investigated for tissue/organ repair and regeneration
medicine (such as myocardial tissue repair, and peripheral nerve
regeneration). For instance, Song et al. proposed a self-healable
PAA/oxidized alginate/gelatin (POG) hydrogel-based engineer-
ing cardiac patch (ECP) for myocardial infarction repair.[*l Ow-
ing to the introduction of conductive PAA and entire biocompat-
ible materials, the resultant POG SHHs exhibited excellent com-
prehensive performances, such as a similar Young’s modulus
with a mammalian heart (30-500 kPa), rapid self-healing capabil-
ity, superior biocompatibility and microscopic ultra-homogenous
ionic conductivity (highly stable conductivity under large defor-
mations). As a result, the neonatal cardiomyocytes (CMs) cul-
tured in the POG SHHs showed more oriented and elongated
sarcomeres than those seeded in electronic conductive hydrogels,
demonstrating their outstanding performance in CMs orienta-
tion growth and functionalization. A further in vivo experiment
showed that the POG ECP could restrain the enlargement and re-
modeling of the left ventricular (Figure 21c(ii)), suppress cardiac
fibrosis (Figure 21c(iii)), and induce angiogenesis in the MI area
(Figure 21c(iv)), exhibiting desirable performance in MI repair
and normal systolic function recover. Similarly, a self-healable
zwitterionic hydrogel-based ECP was also constructed for MI
treatment and cardiac function restoration.[***] These studies val-
idated the function and efficiency of SHH patches in cardiac
and other organ/tissue repair. Besides these, a large number of
researchers were devoted to developing SHH implantable elec-
tronics for injured peripheral nerve repair, which was significant
to human sensory and motor function therapy. For this, Kang
et al. designed a shape-resistant gelatin/PPy/TA (GPT) SHH and
utilized it to prepare a nerve guidance conduit (NGC).[*! The
NGC could be implanted and conformally wrapped in the in-
jured sciatic nerve in female mice. After two weeks of implan-
tation, a lot of new neurofilaments emerged in the injured nerve
regions (Figure 21d(i)). A further immunofluorescence staining
experiment showed the presence of the high staining intensity of
NF-200 protein and myelin basic protein (Figure 21d(ii)), which
meant the regeneration of axons and myelin sheaths, and thus
the regeneration of the sciatic nerve. These results indicated the
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positive efficacy of GPT hydrogel NGC on peripheral nerve re-
generation and function recovery. Some other examples about
the applications of SHH implantable electronics in regeneration
engineering can be found in Ref. [406,407].

The aforementioned studies presented several typical SHH
implantable electronics and demonstrated their efficiency and
promising prospects for in vivo electrophysiological detection
and disease treatment. However, the development of SHH im-
plantable electronics is still in the infant stage. More types of im-
plantable bioelectronics and applications in personalized health-
care and therapy are waiting to be explored. For instance, pH-
responsive (or pH/catalyst-triggered) SHH implantable bioelec-
tronics can be employed for tumor diagnosis by utilizing the
sensitive response to the corresponding humoral environment
conditions.[*®®] Controllable drug delivery based on SHH im-
plantable bioelectronics is also another extensively investigated
area because of its effective function in diseases and wound
healing.[*®®! To realize the clinical transformation of SHH im-
plantable electronics, more efforts should focus on construct-
ing SHH with excellent comprehensive performances under in
vivo environments, such as self-healing capacity, biocompatibil-
ity, anti-swelling, stretchability, ionic conductivity, self-adhesion,
tissue-mimicking mechanical property, etc.

4. Challenges and Prospects

In this review, we have highlighted the most prominent mech-
anisms explored in synthesizing SHHs and their applications
in developing soft bioelectronics in the past years. A diversity
of self-healing mechanisms has been constructed, involving au-
tonomous and external-stimuli triggered and in harsh environ-
ments (like low temperature or underwater circumstances). Ex-
ploiting these mechanisms, numerous SHHs have been demon-
strated, exhibiting remarkable improvement in their SHE, recov-
ery speed, and allowable self-healing cycles, as well as many other
physiochemical performances (such as mechanical strength,
stretchability, conductivity, anti-freezing ability, water retaining
performance, etc.). Applications of these SHHs range from wear-
able sensors, optical displays, supercapacitors, and TENGs to im-
plantable bioelectronics. Excellent performance-restoring capac-
ities after mechanical damages have been demonstrated, signif-
icantly improving the reusability and lifetime of soft electronics.
Although tremendous progress has been made, most of the de-
veloped self-healing electronics are in the proof-of-concept stage.
Grand challenges need to be tackled before their ultimate engi-
neering applications.

4.1. Deeper Insights into the Theories and Performance
Evaluation of Self-Healing

Most current efforts focus on exploring possible self-healing
mechanisms for hydrogels and experimentally demonstrating
their macroscopic self-healing behavior. There is an absence of
theoretical analysis or modeling on the self-healing kinetics at a
molecular level, which can illustrate the effects of the types, ki-
netics, and concentration of molecules and environment param-
eters (like temperature, pH, etc.) on the formation of dynamic
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bonds and thus bonding energy. It’s desirable to develop theoreti-
cal models that can quantitatively compute the self-healing macro
performances (like self-healing efficiency, time, and cycles) of hy-
drogels from their molecule constituent. These models can not
only predict the self-healing performance under given conditions
but also provide powerful design strategies toward targeted per-
formance requirements with the help of machine learning and
artificial intelligence. Besides, constructing performance evalua-
tion standards and corresponding experimental testing methods
will also be instrumental, enabling quantitative characterization
and verification of self-healing performances of SHHs.

4.2. Toward Simultaneous Enhancement of Self-Healing Capacity
and Other Desired Material Properties

For practical application in soft electronics, hydrogels should pos-
sess not only the self-healing capacity but also many other nec-
essary performances, such as mechanical strength, stretchabil-
ity, conductivity, etc. However, tremendous challenges exist in
the concurrent improvement of these performances because of
their contradictory requirements on material component design.
One common challenge is the trade-off between the SHE and
mechanical property, Young’s modulus. A hydrogel with a high
SHE rarely has enough Young’s modulus under ambient temper-
ature. This is because the high SHE requires fast segmental and
chain dynamics, and readily breakable/exchangeable dynamic
bonds, which usually comes at the cost of polymer chains with
low modulus and weak dynamic bonds. Exploring new strategies
to balance the contradictions among multiple functions, includ-
ing self-healing ability, is instrumental in realizing practical engi-
neering applications of hydrogels. A promising solution is to take
advantage of both complex molecular designs combining differ-
ent dynamic bonds and network architectures with specific mor-
phologies.

4.3. Endowing SHHs with Environmental Adaptabilities

Due to their water-rich and hydrophilic nature, hydrogels are sus-
ceptible to dehydration at ambient or higher temperatures, freez-
ing at low temperatures, and swelling in water. These factors can
degrade the stability and reliability of hydrogel-based electronics
and even result in device failure. On the premise of ensuring self-
healing performance, tackling the issues of water loss, freezing,
and swelling is crucial to self-healing hydrogel electronics, which
can improve the device stability and reliability, and extend their
application scope, such as at low temperatures, underwater cir-
cumstances, etc. Furthermore, SHHs with controllable degrad-
ability are promising in developing environmentally friendly and
implantable self-healing soft devices.

4.4. Toward the Development of Soft Electronics with Fully
Self-Healing Capacities
Although a diversity of self-healing soft electronics has been

demonstrated in past years, few of them can implement self-
healing of the whole device, especially for those with multiple
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or multi-layer structure components, such as capacitive sensors.
To achieve full SHH electronics, each component layer of the
device structure should possess self-healing capability. That is,
apart from SHHs, many other materials required for the device
construction should be imparted with self-healing ability. Fur-
thermore, it's more challenging to overcome the deformation,
stripping, and dislocation caused by function failure during the
healing process of the device because of the mismatching in
the self-healing performance (SHE, speed, repeated cycles, and
conditions). Tremendous efforts should be put into construct-
ing effective strategies for this issue. Besides, the interface adhe-
sion/bonding and interface self-healing between different layers
are also instrumental to maintaining device structure robustness
and implementing full performance restoration after damage.

4.5. Exploring Fabrication Technologies of Self-Healing Hydrogel
Electronics

Manufacturing techniques are essential to developing self-
healing hydrogel electronics, which bridge the gap between de-
vice concepts and their practical application. Presently, most self-
healing hydrogel-based electronics are fabricated from bulk self-
healing hydrogel with simple structure designs, and the pattern-
ing and integration are conducted manually. The first urgent mis-
sion that needs to be tackled is exploring fabrication technolo-
gies that can realize graphical patterning, device-to-device con-
sistency, and integration manufacturing. In this aspect, 3D/4D
printing, soft lithography, screen printing, direct ink writing, and
inkjet printing possess great potential in manufacturing self-
healing hydrogel electronics with complex structures and con-
sistent performances. Furthermore, miniaturization and scalable
fabrication can shrink the device size, enable highly dense in-
tegration (imparting one single device with multiple functions),
and reduce the cost, which is in high demand for self-healing
soft electronics. Fabrication of self-healing hydrogel devices with
micro/nano thickness and good breathability could improve user
comfort during long-term usage.

4.6. Endowing Self-Healing Hydrogel Bioelectronics with New
Functions for More Extensive and Revolutionary Applications

With SHH-based flexible electronics going into the deep of hu-
man life, new and revolutionary functions will be continuously
required to extend the application scope and innovate the ex-
isting way. For example, SHH bioelectronics with shape mem-
ory function can memorize complicated shapes and return to
their initial ones with programmable approaches under external
stimuli, which can be broadly used in the situations which need
controllable activating capability in device structure and perfor-
mances, such as minimally invasive surgery, biomedical devices,
and smart soft bioactuators. With imparted shape-editable and
self-adhesive abilities, SHH electronics can conformally adhere
to the surfaces of tissues or complex organs with the desired
shapes to achieve long-term physiological information monitor-
ing, and further apply for artificial nerve, brain-machine inter-
faces, and brain disease therapy. Moreover, SHH electronics can
be integrated with self-healing supercapacitors and self-healing
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TENGs to realize self-power and thus continuous operation. For
example, self-healing wearable sensors integrated with TENGs
can implement continuous, long-term, and wearable medical
monitoring, which is the ultimate goal of the development of flex-
ible electronics.

4.7. Prospects

Owing to their soft nature, hydrogel-based bioelectronics are
prone to mechanical damage during their usage, severely restrict-
ing their practical applications. Self-healing provides an effective
solution to this issue, imparting soft bioelectronics with skin-
like restoring ability and reusability, and expanding their life-
time. Previous research has perfectly demonstrated this point,
and verified its feasibility and effectiveness in a concept of
proof way. Once the key challenges are tackled, we can envi-
sion that SHHs with superior comprehensive properties will be
constructed by rationally combining multiple self-healing mech-
anisms and topological structure designs. SHH bioelectronics
will be able to fully restore their performance under thousands
of times of damage and simultaneously possess many other ex-
cellent performances, such as enough mechanical strength, high
stretchability, superior electrical conductivity, desirable stability,
reliability, etc. With their rapid development, the clinical transla-
tion or commercialization of self-healing hydrogels bioelectron-
ics can be found in fields of wearable physiological signal moni-
toring, in vivo drug delivery, tissue engineering scaffolds, electro-
physiological signal sensing of human organs, wound dressing,
contact lenses, neural signal recording and regulation, and ma-
jor neurological disease treatment. It can be foreseen that, in the
near future, SHH bioelectronics will fuse into the daily life of hu-
man beings and make revolutionary changes in the way people
live.
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