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Fig. 1 (a) Schematic diagrams of extrinsic self-healing mechanisms based on microcapsules or microvessels, and intrinsic

self-healing mechanism; (b) Circular model of self-healing/recyclable polymeric materials.
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Table 1 Common types of reversible covalent bonds.

Reversible . . .
Chemical structure Advantages and disadvantages Applicable scope
bond type
Siloxane R,. \Sl/ R, High stability; requires catalyst, high exchange = High-temperature resistant self-
bond!!! 00 temperature. healing, recyclable silicone
elastomers, sealants, efc.
Diels-Alder 0] Catalyst-free, good thermal reversibility; requires ~ Self-healing, recyclable polymer
(DA) bond?"! le two-step repair, network dissociation at high materials serving at low to
0O temperatures may lead to material softening. medium temperatures (<120 °C).
Disulfide/ E_gfs_i Multiple responses to light/heat/redox reactions, Light-healable polymers,
diselenide/ %—Se ,Se_§ catalyst-free; low bond energy of diselenide and biomedical polymers, etc.
ditelluride i_TefTe_i ditelluride bonds may lead to poor creep resistance.
bondsf?!?2!
Imine bond?!-?2] R; Mild reversible conditions, catalyst-free, multiple Self-healing/recyclable
R'\N/”C‘Rz responses to heat/water/pH; unstable in water/high  thermosets, fiber composites,
humidity/acidic conditions; aliphatic imine bonds adhesives, efc.
require high temperatures for fast exchange.
Boronic ester Jo R, Exhibits both thermal and pH responsiveness, Self-healing hydrogels,
bond(?3! R'_B\OIR3 highly tunable kinetics; poor hydrolysis stability, injectable hydrogels, etc.

requires improvement via chemical structure

design (e.g., B—N coordination).
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Table 1 Continued.

Reversible . . .
Chemical structure Advantages and disadvantages Applicable scope
bond type
Dynamic urea/ O Urea bond dynamicity is highly tunable; both Self-healing, recyclable
carbamate RI\HXTI\I’RZ exhibit poor hydrolysis stability, carbamate bond thermoset polyurethanes/
bonds?728] o Ry | exchange requires high temperature and catalyst. polyureas, efc.
Rl\ O)‘LN/RZ
H
Trithiocarbonate RR S RR Responsive to both heat and UV light; thermal Thermal/light-responsive self-
(TTC) bond!*! S7S reversibility requires catalyst, repair process needs  healing polymers, organogels,
R=H, CH; inert atmosphere to avoid radical quenching by oxygen. etc.
Thiocarbamate o Lower bond energy compared to traditional Self-healing, recyclable
bond3043] Rl\s)kll\{I/RZ urethane bonds; polymerization requires catalyst, polythiourethanes, flexible
thiols have poor stability. electronic skins, efc.
Thiourea R i No complex organic synthesis required, highly Self-healing, recyclable
bondl3!32 I\E E/Rz tunable dynamicity; high temperatures may lead to polythiourea plastics/
structural oxidation. elastomers/fibers
Oxime O Moderate triggering temperature (ca. 100 °C), Self-healing, recyclable
Rl\Nko’N\ R, . .. .
urethane H I easy synergy with metal coordination bonds and polyurethane coatings,
bond*¥! ’ hydrogen bonds; relatively low thermal stability. elastomers, efc.
Ester bond?4 )(i Commercially available raw materials, inherent ~ Self-healing, recyclable epoxy
/R
R 072

Alkoxyamine
bond!?*!

Aromatic
pinacol C—C
bond4!

Thiuram unit3¢!

Dithiocarbamat

e bond[#041]

Coumarin
[2+2]

cycloaddition!*?!

\(\NkS/SYN\)\
S s

%o

bonds in epoxy-acid/anhydride systems, no resins, fiber composites, etc.
complex synthesis required; high exchange
temperature, requires substantial catalyst, may
affect long-term stability

Simultaneous fast bond breaking/reformation, Structural materials that need

R14<;T<T—O—R2

tunable kinetics (via electronic/steric effects), can to bear external loads at the

bear external load at reversible temperature; repair temperature
complex synthesis, radicals may undergo
irreversible side reactions
Responsive to both heat and UV light, capable of

initiating activity; requires relatively high

Self-healing, recyclable
polymers, structurally
temperature to trigger repair, radical reactions expandable living polymers,

need control over side reactions. etc.
Triggered by visible light, mild conditions,

oxygen-tolerant; low bond energy may lead to

e

Visible-light-responsive self-
healing polymers, vulcanized
material creep. rubber, etc.
Sunlight-responsive, unique radical transfer Self-healing polymer materials
mechanism that overcomes the penetration depth ~ for outdoor service, coatings,
limitation of UV light, enabling internal crack etc.
repair; anti-photoaging functionality; relatively
complex synthesis, side reactions may occur
during reversibility.
Triggered by UV/sunlight, catalyst-free; requires

two different wavelengths (254 nm for

Outdoor self-healing coatings

(e.g., for solar cell coatings),

dissociation/365 nm for crosslinking), reversibility automotive topcoats, efc.

decreases after multiple cycles.
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Fig. 4 (a) Automatic self-healing chitosan-based hydrogel formed via hydrogen bonding (Reproduced with permission from
Ref. [76]; Copyright (2019) American Chemical Society); (b) Low-temperature self-healing hydrogel electrolyte comprising
peach gum polysaccharide and silk nanofibers based on dynamic boronate bonds and hydrogen bonds (Reproduced with

permission from Ref. [79]; Copyright (2024) American Chemical Society).
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bonds (Reproduced with permission from Ref. [85]; Copyright (2024) Wiley).
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Fig. 7 Synthesis process of the gelatin methacryloyl-based self-healing conductive hydrogel with dynamic borate ester bonds
and hydrogen bonds (Reproduced with permission from Ref. [104]; Copyright (2025) Wiley).
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Abstract Biomass-based self-healing polymers combine the sustainability of renewable resources with

intelligent repair capabilities, demonstrating unique promise for advancing green materials. In recent years, with

the rapid progress in dynamic chemistry, the construction of self-healing materials from biomass has become an

important research direction in polymer science, which not only expands the functional boundaries of traditional

polymers but also provides new pathways for material recycling and lifespan extension. This review
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systematically outlines the design strategies of biomass-based self-healing polymers, focusing on the design
principles and healing mechanisms of dynamic covalent bonds (e.g., imine, disulfide, and boronic ester bonds),
dynamic non-covalent interactions (e.g., hydrogen bonding, metal coordination, and electrostatic interactions),
and synergistic multi-dynamic bonding systems. Furthermore, self-healing polymer systems developed from
various biomass sources, including polysaccharides (such as cellulose, starch, and chitosan), lignin, vegetable
oils, proteins, natural rubber, Eucommia ulmoides gum, and other distinctive biomaterials (e.g., DNA, tea
polyphenols, itaconic acid, and lipoic acid), are summarized. The healing behaviors and performance
characteristics of these materials under different stimuli (e.g., heat, light, moisture, and pH) were analyzed. These
materials have broad application potential in fields such as flexible electronics, biomedical devices, smart
coatings, sensors, and sustainable packaging. Finally, the challenges and future development trends in this

emerging field are discussed.
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