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Table 1 Properties and limitations of dynamic hydrogels based on different dynamic covalent bonds.
Dynamic ) Healing L
Catalysts Response signals . Limitations of hydrogels
covalent bonds efficiency
Schiff base Weak acid pH 60 s (20 °C)B¢1  Low mechanical strength,
poor stability
Acylhydrazone Aniline and its derivatives pH 4h (25 °C)B7 Low mechanical strength,
bonds tedious synthesis
Disulfide Oxidants, enzymes, Thiol-containing 30 min (UV, Light sensitivity, limited
bonds and visible light, efc. molecules, light 25 °C)138l reaction conditions
Borate ester Weak acid Glucose, H,0,, 205 (25°C)3  Low mechanical strength,
bonds pH narrow pH range for gelation
Diels-Alder Lewis acids, pressure, etc. Temperature 12 h (25 °C)40 Slow gelation, limited
reaction injectability, irreversible in
vivo, complex preparation
Knoevenagel  Alkaline substances and biological ~ pH, temperature, 60 s (25 °C)2% Poor stability, high
condensation small molecules (such as amino small molecules environmental sensitivity
reaction acids. sodium ascorbate, etc.)
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Fig. 1 (a) Schematic illustrating the preparation of a thermally reversible dynamic hydrogel based on the Knoevenagel
condensation reaction; (b) (i) Self-healing process of the hydrogel; (ii) Viscosity as a function of shear rate; (c) (i) Time sweep
tests of the hydrogel at 37 °C for 30 min and at 4 °C for 15 min; (ii) Time sweep tests of hydrogels under the cyclic switches
between 70 and 4 °C; (iii) Thermal reversible sol-gel transition images of the hydrogel under the cyclic switching of the
temperature between 70 and 4 °C; (iv) Injectable and moldable properties of hydrogels (Reprinted with permission from
Ref. [19]; Copyright (2020) American Chemical Society). (d) Preparation of a GO hybrid hydrogel scaffold with the capacity
to regulate the stiffness via near-infrared (NIR) laser (Reprinted with permission from Ref. [22]; Copyright (2022) American
Association for the Advancement of Science).
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Fig. 2 (a) pH responsiveness of the Knoevenagel condensation reaction: (i) schematic illustration of the reversible
Knoevenagel reaction between model compounds, (ii) curves of the association rate constants (k;), dissociation rate constants
(k_y) (iii) and the K., (iv) of the hydrogel at different pH values, (v) illustration showing how pH affects k, k_;, and K;
(b) Rheological characterization of pH-regulated dynamic hydrogels: (i) schematic illustrating the dynamic hydrogel
preparation by mixing 4-arm PEG-CA and 4-arm PEG-FA solutions, (ii) frequency sweep of the dynamic hydrogels at
different pH values (pH=10, 7, 4, and 1), (iii) normalized relaxation behaviors of dynamic hydrogels at different pH values
(pH=10, 7, 4, and 1), (iv) relaxation time (z,;,) of the dynamic hydrogels obtained from (iii). 7,, was defined as the time
required for the relaxed modulus to decrease to half of its initial value; (¢) Compression and self-healing behaviors of the
hydrogels through pH-regulation: (i) images, (iii) stress-strain curves, and (iv) recovery rates of hydrogels before and after
compression at different pH values, (ii) self-healing behaviors of hydrogels at different pH values (Reprinted with permission
from Ref. [51]; Copyright (2025) American Chemical Society).
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Fig. 3 (a) (i) Preparation of hydrogels composed of cyanoacetate-functionalized 4-arm poly(ethylene glycol) (4-arm PEG-
CA), PVA, and 2-FPBA; (ii) Shear stress sweep of the hydrogel; (iii) The hydrogel dissolves in cysteine solution via the
reaction between 2-FPBA and cysteine to form thiazolidine borate (TzB) complex; (iv) Dissolution of the hydrogel upon
exposure to different biomolecules; (v) Wound images after being treating with different dressings (Reprinted with permission
from Ref. [20]; Copyright (2021) Wiley-VCH). (b) (i) Preparation of an injectable double-network hydrogel; (ii) Chemical
structure of the cyanoacetate- and benzaldehyde-modified dextran and the dynamic exchange of C=C bonds accelerated by
histidine; (iii) Gelation time of the hydrogels under different catalysts, from left to right are the no-catalyst control group,
histidine (His), proline (Pro), sodium ascorbate (SA), and arginine (Arg); (iv) Quantification of 7,,. (v) Images showing the
injectable ability of this hydrogel; (vi) LIVE/DEAD images of encapsulated HUVECs after injection in the presence and
absence of histidine or without injection in the presence of histidine (Reprinted with permission from Ref. [21]; Copyright
(2021) American Chemical Society). (¢) (i) Schematic diagram of the preparation for the DPOPC hydrogel dressings;
(ii) Ilustrating the DPOPC hydrogels for promoting chronic wound healing (Reprinted with permission from Ref. [56];
Copyright (2024) Elsevier). (d) (i) MoS,-accelerated gelling hydrogel scaffold for infected chronic wound healing; (ii) In situ
3D printing process; (iii) Optical micrographs of the hydrogel scaffold; (iv) H,O, depletion in L1929 cells after different
treatments (Reprinted with permission from Ref. [47]; Copyright (2023) Elsevier).
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Fig. 4 (a) (i) Preparation and reprocessing of the cross-linked polymers enabled by dynamic exchange of C=C bonds via

Knoevenagel condensation reaction; (ii) Chemical recycling mechanisms of P-CC, P-CO, and P-PCL (Reprinted with

permission from Ref. [26]; Copyright (2024) American Chemical Society). (b) Preparation of recyclable UV-shielding films

via Knoevenagel condensation reaction (Reprinted with permission from Ref. [25]; Copyright (2025) American Chemical

Society). (¢) (i) Schematic diagram of PDMS elastomers prepared based on Knoevenagel condensation reaction; (ii) Dynamic

exchange mechanism of Knoevenagel condensation reaction in organic phase (Reprinted with permission from Ref. [27];
Copyright (2025) Chinese Chemical Society and Institute of Chemistry, CAS).
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Fig. 5 (a) Solvent-free and catalyst-free dynamic Knoevenagel condensation reaction and the preparation of biomass
thermosetting polymers (BFMD-PCL); (b) Re-processability of BFMD-PCL at 120 °C and 10 MPa; (c¢) Chemical recycling
and remolding process of BEFMD-PCL; (d) Preparation of BEFMD-PCL as a self-healing wire; The conductivity of the wire

remains unaltered even after bending, but the light bulb goes out after the wire is cut. Upon heating, the conductive wire

undergoes self-healing, and the healed conductive wire retains conductivity even after bending (Reprinted with permission
from Ref. [65]; Copyright (2025) the Royal Society of Chemistry).
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Fig. 6 (a) Synthetic routes of three polyacylhydrazones; (b) Schematic illustration of the preparation process for dynamic
network N-1, which is based on Knoevenagel/hydrazone dynamic reactions, in comparison with the single Knoevenagel-based
dynamic network N-2 (control) and dynamic network N-3 composed solely of C=N bonds (control); (c) Normalized stress
relaxation curves of N-1 at various temperatures; (d) Arrhenius plots of the three covalent adaptable networks (Reprinted with
permission from Ref. [72]; Copyright (2025) Wiley-VCH).
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Table 2 Dynamic mechanism of Knoevenagel condensation in aqueous versus organic media.

Knoevenagel condensation Aqueous phase

Organic phase

Dynamic mechanism
equilibrium

Catalysts
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Driving force

Temperature dependence
temperatures

Regulatory factors

Condensation/hydrolysis reversible

Basic amino acid (e.g., histidine) or

Dynamic reaction equilibrium

Reversible at ambient or elevated

pH, catalyst, temperature

Reversible metathesis exchange

Base catalyst (e.g., 4-dimethylaminopyridine) or
without catalyst

Polarization of C=C bonds and electrophilic addition

Reversible at ambient or elevated temperatures

Temperature, pressure
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Review

Dynamic Polymer Materials Based on Knoevenagel Condensation Reaction
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ract The Knoevenagel condensation of aldehydes or ketones with active methylene compounds represents a

classic method for carbon-carbon double bond formation in organic synthesis and has wide applications in the

synthesis of fine chemicals, natural products, dyes, and polymeric materials. Notably, this reaction proceeds

efficiently not only in conventional organic solvents but also in aqueous media in the presence or absence of

catalysts. Benefiting from the mild and efficient characteristics, this reaction has recently been explored as a

powerful platform for constructing novel polymeric materials. Emerging evidence indicates that the resultant C=C

bond

s exhibit significant dynamic behavior in both aqueous and organic phases, enabling their application in the
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fabrication of injectable and self-healing dynamic hydrogels as well as dynamic vitrimers. Consequently, the
Knoevenagel condensation has emerged as a promising chemical tool in the field of dynamic polymer synthesis.
In this review, we systematically summarized recent advances in the design and construction strategies of
dynamic polymeric materials based on the Knoevenagel condensation, with a particular focus on their
applications in biomedicine, recyclable materials, and biomass-derived green materials. Moreover, the current
challenges and future application potential of this kind of materials were also discussed and prospected.
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