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Compressible, anti-fatigue, extreme
environment adaptable, and biocompatible
supramolecular organohydrogel enabled by
lignosulfonate triggered noncovalent
network

Yihui Gu1,2,3, Chao Xu2,3, Yilin Wang1, Jing Luo1, Dongsheng Shi1, Wenjuan Wu1,
Lu Chen2, Yongcan Jin 1 , Bo Jiang 1 & Chaoji Chen 2

Achieving a synergy of biocompatibility and extreme environmental adapt-
ability with excellent mechanical property remains challenging in the devel-
opment of synthetic materials. Herein, a “bottom-up” solution-interface-
induced self-assembly strategy is adopted to develop a compressible, anti-
fatigue, extreme environment adaptable, biocompatible, and recyclable
organohydrogel composed of chitosan-lignosulfonate-gelatin by constructing
noncovalent bonded conjoined network. The ethylene glycol/water solvent
induced lignosulfonate nanoparticles function as bridge in chitosan/gelation
network, formingmultiple interfacial interactions that can effectively dissipate
energy. The organohydrogel exhibits high compressive strength (54MPa) and
toughness (3.54 MJ/m3), 100 and 70 times higher than those of pure chitosan/
gelatin hydrogel, meanwhile, excellent self-recovery and fatigue resistance
properties. Evenwhen subjected to severe compressionup to a strain of 0.5 for
500,000 cycles, the organohydrogel still remains intact. This organohydrogel
also demonstrates notable biocompatibility both in vivo and vitro, environ-
ment adaptability at low temperature, as well as recyclability. Such all natural
organohydrogel provides a promising route towards the development of high-
performance load-bearing materials.

Soft load-bearing tissues (muscles, ligaments, cartilage) possess pre-
cisely tuned mechanical properties that enable them to withstand
body stress and endure repeated cycles of stretching andmovement1,2.
To mimic the soft, tough, and impact-resistant properties of soft load-
bearing tissues, hydrogels based on noncovalent bonding (hydrogen
bonding3, ionic bond4, ligand bonding5, etc.) have been widely

explored. By integrating a range of these noncovalent interactions into
the hydrogel network, the resulting hydrogels exhibit enhanced
mechanical properties including high tensile and compressive
strength, as well as high Young’s modulus. However, a common lim-
itation amongmany of these hydrogels is the absence of a mechanism
for rapid recovery after deformation. Conventional physically
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crosslinked multi-networks and hybrid networks typically exhibit a
lengthy recovery cycle when stressed. While some long polymer chain
hydrogels can recover quickly, they often suffer from reduced
strength due to their intrinsic interactions6. Consequently, synthesiz-
ing load-bearing materials that meet all the requirements for biome-
dical applications remains a formidable challenge. Biocompatibility,
biodegradability, and extreme-environment-adaptability are essential
requirements for load-bearing materials, while the materials must also
be strong enough to resist physical stresses and support normal
human activities.

From a sustainability perspective, abundant and non-toxic bio-
mass materials such as chitosan7, gelatin proteins8, cellulose9, and
sodium alginate10 have flourished in the biomedical field, while it is
often difficult to achieve high mechanical properties with a single
material. Therefore, researchers oftenmake up for their shortcomings
by compositing a variety of natural materials with mechanical prop-
erties far exceeding those obtained from simple mixtures of their
respective constituent materials11. This approach relies on tightly
coupled separated phases with significant differences in modulus,
which ensure limited inelastic deformation, bridging, and effective
energy dissipation to achieve the working mechanism of “hard-phase
reinforcement and hard-soft-phase synergistic toughening”. The
combination of stiffness, toughness, strength, and fatigue resistance in
hydrogels allows for diverse applications, such as soft robots12,
implantable devices13, and artificial muscle cartilage14. Nevertheless,
synthesizing hydrogel materials with multiple mechanical properties
remains challenging as high stiffness, toughness, and fast recovery
often present conflicting requirements.

In recent years, numerous methods have emerged for improving
the structure of hydrogels to increase their strength and toughness,
including the construction of homogeneous networks15,16, the intro-
duction of sacrificial bonds17–19, nanomaterials composites20,21, and
induced microphase separation22,23. Among these approaches, two of
the most effective methods involve improving network homogeneity
and employing sacrificial bonds. Constructing a homogeneous gel
network serves to mitigate stress concentration and improve com-
pressive strength and toughness to some extent. However, this
approach has limited effectiveness for materials that already contain
cracks or imperfections. Sacrificial bonding, on the other hand, utilizes
the non-uniformity of the gel network to generate energy dissipation.
Typical examples are the construction of bi-network gels with het-
erogeneous structures and complementary properties, where highly
crosslinked rigid frameworks can efficiently dissipate energy by
breaking bonds, while sparsely crosslinked ductile frameworks can
withstand a wide range of strains, but the increase in rigidity is often at
the cost of a decrease in toughness24,25. The reinforcing and toughen-
ing effect of hydrogels is usually limited for specific methods of
structural improvement.

Unlike conventional bi-networks, we designed a connected net-
work organohydrogel with enhanced interactions and synergistic dis-
sipative mechanisms to tune the time-domain expression of
noncovalent interactions between bi-networked polymers. This
approach was achieved by incorporating nanoparticles and inducing
microphase separation through a straightforward solvent exchange
strategy. Specifically, we employed a feasible “soaking” method in
lignosulfonate-ethylene glycol (SL-EG) solution to transform weak
chitosan-gelatin (C-G) composite hydrogels into robust chitosan-
lignosulfonate-gelatin (C-SL-G) linked-network organohydrogels
(Fig. 1a). Chitosan serves as the hard phase to enhance the mechanical
strength of the organohydrogels, inhibit the rate of crack expansion
during fracture, and maintain the integrity of the material. Gelatin, on
the other hand, functions as the ductile soft phase to take up most of
the load in the event of molecular strand breakage of the chitosan
chains. The differences in the distribution states of the polymers in
water and EG were utilized to modulate the interfacial interaction

forces across the network, inducing the formation of a uniform and
robust polymer network26. The resulting C-SL-G organohydrogel can
be compressed up to 0.9 without rupture, and maintain the original
shape even after undergoing repeated 500,000 cycles at strain of 0.5
(Fig. 1b, c). Notably, the resultant tough organohydrogels display
noticeable resistance to icing and offer moisturizing properties,
attributed to the non-volatile nature of EG. Moreover, the C-SL-G
organohydrogel with all natural components facilitates scalability
through a straightforward and green “soaking” method, enabling the
material and process with good sustainability, recyclability, and cost
effectiveness for commercialization and large-scale application
(Fig. 1c, d and Supplementary Tables 1-5). The commendable bio-
compatibility and biodegradability of chitosan, gelatin, and lignin,
coupled with the excellent mechanical strength, fatigue resistance,
and extreme environmental adaptability, open up an avenue for the
advancement of robust interconnected biomedical hydrogels. Fur-
thermore, this strategy has the potential for extension to other sol-
vents such as lignin-glycerol solution and metal ion-EG/glycerol
solution to prepare resilient multifunctional organohydrogels suitable
for various applications.

Results
Construction, structure, and morphology of C-SL-G organohy-
drogels based on conjoined network
Toobtainorganohydrogels crosslinkedwith SL and EG,weemployed a
gel soaking strategy. Initially, a combination of gelatin and chitosan
was heated and stirred until dissolved to obtain a mixed solution,
which was then cooled by low temperature to obtain a soft and brittle
C-G composite hydrogel. Subsequently, hydrogels were immersed in
SL-EG solution to obtain C-SL-G organohydrogels (Supplementary
Fig. 1). During the soaking process, the SL particles infiltrate to act as
intermediary crosslinking points involved in the noncovalent cross-
linking of the polymer network27,28. The process is accompanied by a
noticeable color change from light yellow to dark brown, reflecting the
introduction of SL into the gel interior during solvent exchange
(Supplementary Fig. 2). Thus, the salt concentration of C-SL-G orga-
nohydrogels can be easily adjusted by modifying the fabrication con-
ditions, such as sample size and immersion time. These results
demonstrate the excellent performance of dual network linked orga-
nohydrogels. The inexpensive substrate and simple preparation pro-
cess make it more competitive for commercialization and large-scale
application (Supplementary Fig. 1). The developed organohydrogel
also demonstrates excellent recyclability (Supplementary Fig. 3).
Through a simple procedure involving solvent exchange with water
under heating and stirring conditions, a uniformly mixed solution of
the organohydrogel components can be obtained. In addition, owing
to the fracture/reconstruction characteristics of noncovalent bonds,
the hydrogel can be further reconstituted through water evaporation
and gelatinization. Finally, immersion of this regenerated hydrogel
into EG for sufficient solvent exchange leads to the regeneration of
organohydrogel.

Scanning electron microscopy (SEM) was performed to observe
the morphological structure of the gels. The pristine C-G hydrogels
showed a continuous honeycomb-like porous structure with thin walls
(Fig. 2a). The increased swelling degree after solvent exchanges with
EG (Supplementary Fig. 4) reveals EG molecules can penetrate the
interior network structure, leading to volume expansion and stretch-
ing of the polymer network. However, the EGpenetration also resulted
in a roughmorphology (Fig. 2b and Supplementary Fig. 5a)29. Upon the
introduction of lignin, the structure of C-SL-G organohydrogels
became denser and more stable, as demonstrated in Fig. 2c, d and
Supplementary Fig. 5b, c. The addition of lignin makes it act as a
bridging molecule to provide abundant crosslinking points with
polymer chains through strong noncovalent bonds, thus leading to a
dense structure for C-SL-G organohydrogels.
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The distribution of EG and SL within the polymer network was
investigated using two-dimensional Raman analysis (Fig. 2e–h and
Supplementary Fig. 6). The C-H bending vibration at 1457 cm-1, as well
as the CH2 stretching vibration and O-H stretching vibration at
2900–3500 cm−1, provided insights into the distribution of the EG
structure. Comparative analysis reveals a higher EG content in the C-G-
EG organohydrogel compared to the C-SL-G organohydrogel, possibly

attributed to the inhibitory influence of SL30. The crosslinking density
of C-SL-G organohydrogels was higher compared to C-G-EG organo-
hydrogels without SL (Supplementary Fig. 7). This observation clearly
demonstrates that SL acts as a reinforcing agent in the subtle inter-
action with the polymer network, which is further confirmed by X-ray
diffraction (XRD). Supplementary Fig. 8 depicts the XRD spectra of
chitosan, gelatin, C-G-EG and C-SL-G organohydrogels, showcasing
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Fig. 1 | Construction strategy and key features of the C-SL-G organohydrogels.
a Schematic representation of the preparation of C-SL-G organohydrogels.
bOptical images of the C-SL-G organohydrogel in compressed and released states.
c Radar chart of the combined benefits of C-SL-G organohydrogels, dual-network

organohydrogels, and biomass composite hydrogels (where ‘1’ represents the type
of SL, and ‘0.01’ signifies the initial concentration of the immersion solvent in g/
mL). d Optical image of the C-SL-G organohydrogel.
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sharper characteristic peaks at 20°, indicative of a more organized
structure facilitated by SL embedding31,32.

Fourier transform infrared (FTIR), X-ray photoelectron spectro-
scopy (XPS) and Raman spectroscopy were performed to get a

comprehensive understanding of the interactions between lignin,
bisolvent, chitosan, and gelatin (Fig. 2i–l, Supplementary Figs. 9, 10 and
Supplementary Tables 6–8). The red shift of the C-O peak at
1035–1200cm−1 after the introduction of EG, alongside the slight shift of
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Fig. 2 | Structure and morphology features of the conjoined-network organo-
hydrogels. Representative SEM images of original C-G hydrogel (a), C-G-EG (b) and
C-SL-G organohydrogels with 0.01 g/mL (c), 0.05 g/mL (d) SL-EG immersion by
supercritical drying. Two-dimensional (2D) Raman images of C-SL-G organohy-
drogels without SL (e) and with SL (f) obtained from the bending vibrations of C-H
bonds (1457 cm−1). Two-dimensional (2D) Raman images of C-SL-G organohydrogels
without SL (g) and with SL (h) obtained from the CH2 stretching vibration and O-H
stretching vibration (2900-3400 cm−1). i FTIR spectra of SL, C-G hydrogel, C-G-EG,
and C-SL-G organohydrogels. j Ratio of bulk H2O molecules, clustered EG-H2O, and

isolated EG in three groups of organohydrogels. k Raman analysis of C-G, C-G-EG,
and C-SL-G organohydrogels. l Area and proportion of C-O band symmetric
stretching vibration and CH2 band rocking (1000-1100 cm−1). m Calculation of
binding energy and energy-optimized geometries of noncovalent bonding between
OH (EG), OH (water), NH3

+ (chitosan), NH3
+ (gelatin) by DFT. n Energy-optimized

geometries of noncovalent bonding between SO3
- (SL) and OH (EG), OH (water),

NH3
+ (chitosan), NH3

+ (gelatin), respectively, obtained by theoretical calculations
from DFT studies. o Calculation of binding energy between SO3

- (SL) and OH (EG),
OH (water), NH3

+ (chitosan), NH3
+ (gelatin), respectively by DFT.
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the characteristic peaks of N-H at 1629 and 1545 cm−1 towards lower
wavelengths after the introduction of lignin, confirm the generation of
hydrogen bonding. To verify the role of EG, we fitted the C-G-EG,
C-SL1-0.01-G, and C-SL1-0.05-G located in the range of the characteristic
peaks of 2500–4000cm−1. In the C-G-EG organohydrogel, a peak located
at 3428 cm−1 confirms the presence of strong hydrogen bonding
between EG and H2O molecules33,34. With the incorporation of SL, the
wavenumber of the O-H stretching vibration gradually increases, while
the intensity gradually decreases and broadens. The higher wavenumber
suggests elevated energy of O-H bonds, attributed to the destruction of
hydrogen bonds between EG and water by hydrophilic SL. The ratio of
the two H2O conformations, calculated from the fitted peak areas,
reveals insights into the FTIR spectra. Following the introduction of SL,
the associated O-H content increases to 67.87% and 72.71%, respectively.
This indicates that the addition of lignin leads to the enhancement of
bulk H2O-H2O hydrogen bonding operation in the system. Furthermore,
thebinding energy strengthof the -OHand -NH2of chitosan, as observed
in XPS, decreases with the introduction of lignin, which provides com-
pelling evidence of strong noncovalent bonding interactions between
-NH2 and -OH and -SO3H in chitosan and gelatin35,36.

To further verify the crucial roles of EG and lignin within this
system, laser Ramanwasemployed to investigate the EG-H2O system in
organohydrogels (Fig. 2k). Firstly, in the gel system containing lignin,
theobviously attenuated EGcharacteristic peaks are similar to the FTIR
results. The area ratio of C-O symmetric stretching vibration to CH2

rocking vibration peaks as shown in Fig. 2l reveals significant changes
after the introduction of SL37. The introduction of SL hinders the for-
mation of intermolecular EG-H2O hydrogen bonding and forms a large
number of hydrogen bonds with solvent molecules and the polymer
network. Consequently, the C-O symmetric stretching vibration of EG
molecules exhibits a notable increase, attributed to the release of the
hydroxyl groups in molecules and the weakening of the hydroxyl
groups in the water molecules. As shown in Supplementary Fig. 11, the
introduction of EG and SL into the aqueous chitosan-gelatin solution
increases the energy storagemodulus (G’) and complex viscosity (ƞ*) in
the platform region. The G’ and ƞ* values for the C-SL-G organohy-
drogel samples peak in the platformregion, indicating that the densest
physically crosslinked network based on noncovalent bonding is
formed in the presence of SL38–40.

The density functional theory (DFT) simulations show that the
hydroxyl groups in EG exhibit stronger binding energies with chitosan
and gelatin than the interactions between water molecules and poly-
mer networks (Fig. 2m). This strong interaction fosters hydrogen
bonding between EG and polymers. In the structural model, the bond
energies betweenEGandgelatin/chitosanmolecules are−0.423 eV and
−0.446 eV, respectively, greater than those observed between water
molecules and gelatin/chitosan, indicating that they are more likely to
bond and form a more compatible molecular structure with the
polymer chain41. In Fig. 2n and o, the binding energies of SO3

- and NH3
+

(chitosan and gelatin) in lignin are −1.801 eV and −1.502 eV, respec-
tively, much higher than those between other structures. The corre-
sponding bond lengths are 1.726 Å and 1.678 Å, respectively, lower
than EG/water molecules. These findings suggest that the SL is able to
crosslink quickly and efficiently with the polymer network in solvent
substitution to form stronger interactions, enhancing the overall
structure of the polymer network. Therefore, ligninmolecules serve as
crosslinking points or physical fillers in the polymer network. These
new crosslinking points or fillers provide additional mechanical sup-
port, thereby increasing the deformation resistance of the hydrogel
and improving its morphological stability.

Mechanical properties of the C-SL-G conjoined-network
organohydrogels
The interconnected network formed among chitosan, gelatin, SL, and
EG might contribute to the excellent mechanical properties of C-SL-G

organohydrogels, rendering them well-suited for use as load-bearing
materials. The compression strength of the C-SL-G conjoined-network
organohydrogel can be readily tunedby adjusting the concentrationof
the immersion solution. As shown in Fig. 3a, the compressive strength
of the hydrogel reaches amaximumof 54MPa after being immersed in
SL1-0.01-EG solution, which is about 100 times higher than that of the
original C-G hydrogel (0.52MPa). Furthermore, a substantial
enhancement in compressive toughness is attained, representing an
approximate increase of 70 times (Fig. 3b). Notably, the mechanical
properties of C-SL-G organohydrogel surpass those of other biopoly-
mer gels and organohydrogels, and even exceed those of natural car-
tilage. Due to its unique dual network structure, a combination of high
rigidity and high toughness is achieved (Fig. 3c and Supplementary
Tables 9, 10).

The elasticmodulus of C-SL-G organohydrogels increaseswith the
rise in lignin content. The gel stiffness is positively correlated with the
lignin content within a certain range, influenced by the benzene ring
structure of lignin rigidity. EG enhances the hydrogen bonding
between polymer networks. When glycerol, which contains three
hydroxyl groups, is chosen for solvent exchange, the resulting
hydrogels exhibit higher compressive strength, modulus, and tough-
ness compared to theC-G-EG organohydrogel (Supplementary Fig. 12).
This highlights the crucial role of hydrogen bondingwithin the system.
With the introduction of lignin in the gel network, strong interfacial
interactions are developed. Lignin acts as shared interconnection
points that reinforce the gel network and interweave with each other,
effectively dispersing the stress throughout system. Conversely,
hydrogels with a higher proportion of SL exhibit decreased compres-
sive strength and toughness due to lignin’s self-aggregation, causing
uneven stress dispersion throughout the network and limiting the
mechanical properties of the organohydrogels23,37. This also explains
the trend of increasing and then decreasing tensile properties of
organohydrogels (Supplementary Fig. 13). The rheological behavior of
the organohydrogels further supports these findings. The G’ and loss
modulus (G”) gradually increase with the introduction of EG and SL,
exhibiting their higher stiffness or rigidity. Moreover, the gradual
increase in the composite viscosity suggests the gradual enhancement
of intermolecular interactions in the organohydrogels. These results
underscore the effective enhancement of mechanical properties and
stability achieved through the incorporation of EG and SL (Supple-
mentary Figs. 14 and 15).

Figure 3d illustrates the good deformability and resilience of the
C-SL-G organohydrogel, which can be easily twisted, knotted, folded
and easily withstands a weight of 500 g with minimal deformation
(Supplementary Fig. 16). Figure 3e shows pictures of the puncture
deformation test, clearly demonstrating that the C-SL-G organohy-
drogel can endure high levels of localized stress without visible
damage or permanent deformation, underscoring its excellent
mechanical properties combining both high strength and toughness.
Moreover, when four gels of the same size (1.5 cm in length, width, and
height) are used as a stand, the upper portion supporting a flat plate
can bear the weight of a 70 kg human body, which is equivalent to
3500 times the weight of a single gel itself (Fig. 3f).

Furthermore, the macro- and microstructural analysis of the
material during compression were conducted using small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS) (Supple-
mentary Figs. 17 and 18). The size Gaussian distribution curves are
calculated by SAXS one-dimensional intensity distribution. Our find-
ings reveal that the introduction of SL results in smaller and more
spatially dense pores, unaffected by the compression process, sug-
gesting that numerous hydrogen bonds are continuously broken and
reorganized. WAXS analysis indicates the presence of a highly crys-
talline structure. With the compression strain increasing, the scatter-
ing patterns still show a strong amorphous scattering ring, confirming
that the compression process does not induce the formation of an
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oriented structure. In addition, a unique peak at q = 15.3 nm−1 indicates
a lattice spacing of 4.1 Å in the pristine state and 4.124 Å in the com-
pressed state, suggesting that unidirectional compressive stress leads
to a longer lattice spacing.

Interestingly, by introducing Cu2+ in addition to lignin, the robust
metal coordination bond is leveraged, known for its good toughening
properties. This dual reinforcement approach results in even more
notablemechanical properties for organohydrogels, with compressive
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compression-recovery, noncovalent bond breaks, and new bonds were formed.
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strength reaching up to 60MPa and tensile strength up to 0.7MPa, as
shown in Supplementary Fig. 19. This highlights the significant impact
of noncovalent bonds in improving the mechanical properties of the
gels42.

Achieving ultrahigh self-resilience and fatigue resistance is para-
mount for gels tomaintain daily cyclic loading and longevity. As a load-
bearing material, C-SL-G organohydrogel requires sufficient modulus
to maintain structural stability18,43. At compression strains of 0.5 and
0.6, the C-SL-G organohydrogel maintains excellent stability with
negligible mass change even after 500,000 and 200,000 high-
frequency compression cycles, respectively (Fig. 3g, h and Supple-
mentary Fig. 20). This is also verified in 100,000high-frequency tensile
cycles (Supplementary Fig. 21). Notably, even at strain as high as 0.8,
the C-SL-G organohydrogel maintains a stable structure after 3000
high-frequency compression cycles, demonstrating its excellent fati-
gue resistance. The compressed C-SL-G organohydrogel can also
rapidly recover, proving its self-recovery properties (Supplementary
Fig. 22). The mechanical properties of C-SL-G organohydrogels were
thoroughly investigated by uninterrupted cyclic loading-unloading
tests under multiple conditions. Even when subjected to a high com-
pression ratio of above 0.9, the samples consistently maintain high
load-bearing capacity and stable weight (Supplementary Fig. 23).
Meanwhile, they exhibit high mechanical properties in the unilateral
notch test and can resist crack extension, which verifies their excellent
damage and fatigue resistance under high pressure loading (Supple-
mentary Fig. 24).

At compressive strain of 0.2, 0.4, and 0.6, the C-SL1-0.01-G organo-
hydrogel shows minimal hysteresis loops and excellent elasticity (Sup-
plementary Fig. 25a, b). Supplementary Fig. 25c and d summarize the
recovery behavior of C-SL1-0.01-G organohydrogel after different relaxa-
tion times. The recovery ability of the organohydrogel maintains at a
high level (>88%) for five consecutive time periods, indicating that the
broken hydrogen bonds and electrostatic forces can be basically
restored to the original state within a certain timeframe. Moreover, in
successive cycles at a constant strain, numerous hysteresis lines were
observed in consecutive cycles, with subsequent cycles exhibiting lower
energy dissipation but consistent presence of hysteresis lines. This
suggests that successive reorganizations of noncovalent bonds can
partially restore the material (Supplementary Figs. 25e, f and 26-28).
These results imply that the disrupted amino-SL electrostatic cross-
linked structural domains and the amino-EG hydrogen-bonded cross-
linked structural domains can be reasonably restored to their original or
otherwise accessible positions within a relatively short time after com-
pression (Fig. 3i and Supplementary Fig. 29)44.

Strengthening mechanisms of the C-SL-G organohydrogels
Theoretical studies have suggested that SL acts as a reinforcing phase
(mechanical strength) in polymer composites. To gain a deeper
understanding of how the components synergistically contribute to
themechanical properties of C-SL-Gorganohydrogels, we investigated
the morphological changes of lignin introduced into the gel using
particle size analysis and transmission electron microscopy (TEM)
(Fig. 4a, b). The results reveal that during the self-assembly process,
lignin molecules undergo a transformation into spherical particles.
This transformation is attributed to long-range interaction forces,
particularly π-π stacking and hydrogen bonding. The polarity differ-
ence between the components contributes to the formation of these
spherical particles, leading to a reduction in the average particle size
from 240 nm to 150 nm45,46. In addition, the interfacial cohesion and
structural stability of C-SL-G composites were investigated by mole-
cular dynamics simulations (Supplementary Data 1). The number of
hydrogen bonds and the intermolecular correlations are analyzed in
20 ns. These simulations reveal that the intermolecular interactions
between the two different components of the gel are C-SL-G>C-G >C-
G-EG, as shown in Supplementary Fig. 30. Likewise, the number of

hydrogen bonds is C-SL-G > C-G-EG >C-G, as shown in Fig. 4c. The
specific energies and the number of hydrogen bonds are presented in
Supplementary Table 11. The intra-polymer and inter-polymer inter-
actions in this exogel constructed by solvent exchange strategy are
initially suppressed due to the presence of EG but recovered in the
presence of lignin, leading to optimization and re-crosslinking of the
polymer network. The success of this approach relies on a suitable
solvent, which helps to stretch the polymer conformation and homo-
genize the network26,47.

Zeta potential measurement was carried out to evaluate the
change of electric potential after lignin introduction (Fig. 4d), which
provides evidence of electrostatic interaction between lignin and
chitosan. The charge of the chitosan solution gradually decreases with
SL addition. This indicates that there is a strong electrostatic interac-
tion between SL and chitosan. To demonstrate the important role of
sulfonic acid groups in the enhancement of toughening, two kinds of
lignin nanoparticles with different sulfonation (2.9, 0.9mmol/g) were
prepared. The success of the modification was confirmed through
infrared analysis (Supplementary Fig. 31), and the structure of the two
kinds of lignin, as well as the content of phenolic hydroxyl and sulfo-
nate groups, were analyzed and quantified by two-dimensional nuclear
magnetic resonance (2D-NMR), 31P NMR spectrometry, and potentio-
metric titration, respectively (Fig. 4e and Supplementary Figs. 32, 33).
The sulfonation does not change the phenolic hydroxyl content
because the reaction sites occurred in the C5 and Cα positions of the
lignin phenylpropane structure, and the SL1 with a high degree of
sulfonation (2.9mmol/g) was found to be more advantageous in
compressive and tensile test (Fig. 4f and Supplementary Fig. 34). This
discovery offers compelling evidence that sulfonate groups play a
pivotal role in strengthening lignin, thereby enhancing toughness.

Low-field NMR spectroscopywas used to investigate the presence
state of water within the gel and the interaction between water and
polymer (Fig. 4g–i). The relatively rapid free induction decay (FID) of
the C-SL-G organohydrogel can be attributed to the SL in the network
that acts as crosslinking points, generating a large number of non-
covalent crosslinks (the rigid component), which results in a rapidly
decaying FID signal. A linear combination of the Weibull function and
two exponential functions was applied to fit the FID data, allowing for
the determination of apparent spin relaxation time (T2) values and
their relative fractions48–50. T2, rigid, T2, inter, and T2, mobile represent the
relaxation times of the rigid, intermediate, and mobile components,
respectively, and the frigid, finter, and fmobile represent the correspond-
ing proton fractions, respectively. The frigid values of all three gels were
lower than 5%, indicating a strong interaction between the polymer
and the solvent. fmobile is the main form of water in the C-G hydrogel,
representing the free water that is not tightly bonded to the polymer.
After solvent exchange, the appearance of the three fractions may be
caused by the relatively weak binding between EG and water (com-
paredwith the interaction between polymer andwater). Themigration
of water with higher degree of freedom to water with lower degree of
freedom indicates that the water in the sample becomes more tightly
bound to the polymer. The T2, rigid decreases with the introduction of
EG and SL, and the T2, inter of the C-SL-G organohydrogel is only 1/2 of
that of the C-G-EG organohydrogel. This suggests that the EG restricts
the solventmolecules within the hydrogel and forms aweak bondwith
the polymer, while the SL introduction further causes restricted sol-
vent movement and strengthens the interaction between the gel net-
work and the solvent molecules51,52.

To quantitatively assess the intermolecular interactions between
chitosan and SL, atomic force microscopy (AFM) was conducted
(Fig. 4j–l),where smooth spin-coated SL-H2O/EG (SL1-H2O, SL1-H2O/EG,
and SL2-H2O/EG) surfaces were tapped with a chitosan coated silicon
probe, respectively. The adhesion force between the tip and the con-
tacting surfaceswas recordedduring the separationprocess,with each
measurement repeated for 500 times to obtain the contours of the

Article https://doi.org/10.1038/s41467-024-55530-1

Nature Communications |          (2025) 16:160 7

www.nature.com/naturecommunications


force frequency distribution36,53,54. The interaction between SL1
(2.9mmol/g) dissolved in EG and chitosan was stronger (57.5 nN)
compared to that in the aqueous solution (42.5 nN), suggesting that
the introduction of EG significantly improved the interfacial interac-
tions between the polymer networks. In contrast, SL2 with a lower
sulfonation degree (0.9mmol/g), which was also dissolved in EG,
exhibited aweaker interactionwith chitosan compared to SL1 thatwith
a high sulfonation degree (2.9mmol/g). This further proves the
essential role of sulfonate groups in improvingmechanical properties.
In summary, the addition of SL (-SO3H) with abundant oxygen-

containing functional groups into the gel network forms a strong
physical crosslinking network through noncovalent interactions. The
insets in Fig. 4j-l are scanned topographic maps of lignin particles
under different solvents, where lignin nanoparticles with small size can
be observed. This observation is consistent with TEM results (Sup-
plementary Fig. 35), indicating that the large lignin particles with
hundred nanometers are composed of loosely aggregated small lignin
nanoparticles. This underscores the effectiveness of solvent transfor-
mation in facilitating noncovalent interactions, offering a straightfor-
ward yet potent strategy for enhancing the design of gels.

b

e

Stretched lignin molecule Stacked lignin molecule

H2O EG/H2O

self-assembly

a c

d f

g h i

k lj

Fig. 4 | Enhancedmechanismsof theC-SL-Gorganohydrogels. aTheparticle size
changes before and after the introduction of SL into the gel were simulated. b TEM
images of lignin and conformations of lignin molecules in different solvents. Blue,
red, yellow, andwhite representC,O, S, andHelements, respectively. cThenumber
of hydrogen bonds of C-G hydrogel, C-G-EG, and C-SL-G organohydrogels. d Zeta
potential change of SL introduction into chitosan solution. e Primitive alkali lignin
hydroxyl group content and two SL sulfonate group contents. Values in e represent

their means ± SDs from n = 3 independent samples. f Compressive and tensile
strengths of two SL-basedorganohydrogels.g–i Low-fieldNMR spectroscopy. Fully
refocused 1H NMR FID (g) of C-G hydrogel, C-G-EG and C-SL-G organohydrogels.
Fitting results of the fully refocused 1H NMR FID: T2 (h) and f (i) of the three gels.
j–l Intermolecular interaction forces between lignin and chitosan in H2O and EG.
The insets are scanned topographic maps of lignin particles under different
solvents.
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Versatility of the C-SL-G conjoined-network organohydrogels
Biocompatibility is a critical requirement for the use of gels as bio-
medical materials. The presence of positively charged chitosan/gelatin
and negatively charged SL promotes cellular colonization and
multiplication25,55. To assess their cytocompatibility, the C-SL-G orga-
nohydrogel infusions were used to culture mouse chondrogenic pro-
genitor cells (ATDC5) and mouse embryonic mesenchymal stem cells
(C3H/10T1/2), and the presence of live cells was assessed by MTT
detection kit assay and live-dead cell staining. The results show that
after 24 h of incubation, the cell survival rate of C-SL1-0.01-G organo-
hydrogel remains consistently above 95%, providing favorable condi-
tions for cell growth.When the incubation time is extended to48 h, the
cell survival rate is still maintained at a high level (≥ 90%) (Fig. 5a, b),
and almost allNIH3T3 cells extracts that cultured for 48 h onC-SL1-0.01-
Gorganohydrogel showgreenfluorescence (Fig. 5c). In addition, theC-
SL-G organohydrogel exhibits a strong adsorption capacity for pro-
teins and promotes the expression of cytokines (Supplementary
Figs. 36 and 37). These results suggest that the biologically derived C-
SL-G organohydrogels demonstrate excellent cytocompatibility in
vitro, potentially enhancing cell proliferation. This may be due to the
fact that the C-SL-G organohydrogels are composed of biomolecules
(chitosan, gelatin, and SL).

For further validation, we implanted C-G-EG and C-SL-G organo-
hydrogels into the backs of mice at temperature of 20–26 °C and
relative humidity of 40–70% with light set to an automatic 12-hour
light-dark cycle (Fig. 5d, e). After 2 weeks of implantation, both
hydrogelsmaintained structurally stable, while significant degradation
was observed after 4 weeks. Notably, compared with the C-G-EG
organohydrogel, the C-SL-G organohydrogel exhibits a stronger ability
to maintain its original structure. The results of section staining show
that there is no inflammatory reaction, such as swelling and turbidity,
around either organohydrogel, indicating good biocompatibility. The
adhesion and burst pressure assessments further confirm the pro-
mising potential of these materials as medical substrates (Supple-
mentary Figs. 38 and 39). In addition, the inhibition of S. aureus and E.
coli by the organohydrogel demonstrates the excellent antimicrobial
properties of the C-SL-G organohydrogel, which is likely owned to -OH
and -SO3H from SL (Supplementary Fig. 40)56. Therefore, when
exposed to the oxidizing microenvironment, the C-SL-G organohy-
drogel can effectively eliminate the reactive oxygen species and exert
its antioxidant ability. In addition, the C-SL-G organohydrogel has
excellent thermal stability, freezing resistance, and solvent retention
(Supplementary Figs. 41–46). Unlike C-G hydrogel, the G’ of the C-SL-G
organohydrogel stays almost constant throughout the entire tem-
perature range (Supplementary Fig. 41). It also maintains good struc-
tural integrity without any damage after being exposed to air and
saline at high temperature (Supplementary Figs. 42 and 43). The C-SL-
Gorganohydrogel consistentlymaintains a stablemechanical property
after being stored at different temperatures (−20 °C, −196 °C, 80 °C)
for a period of time and tested at room temperature (Supplementary
Figs. 44–46). This stability is attributed to the establishment of robust
hydrogen bonds between EG and water molecules and with polymer
molecules (chitosan, gelatin) present in the organohydrogel. Such
hydrogen bonding interactions lead to a reduction of the freezing
point and vapor pressure, along with an increase in the strength of
connections within the polymer molecules and between the polymers
and EG molecules. Consequently, the material is able to effectively
preserve its physical crosslinking structure over the entire tempera-
ture spectrum57,58. The good biocompatibility, mechanical properties,
and thermal stability make C-SL-G organohydrogel a promising can-
didate for biomedical load-bearing materials.

In addition to its excellent biocompatibility, the C-SL-G organo-
hydrogel also exhibits excellent ionic conductivity, which results from
the inherently positively charged chitosan in the raw material and the
introduction of numerous –SO3H during the solvent exchange. The

ionic conductivity of the examined samples at various temperatures is
illustrated in Fig. 5f. It’s evident that as the temperature decreases,
there is a natural decline in ionic conductivity. Nevertheless, theC-SL-G
organohydrogel manages to sustain a notably high level of ionic con-
ductivity, even at the frigid temperature of −40 °C. Of note, the C-SL-G
organohydrogel performs even better at a relatively high temperature
of up to 80 °C, highlighting its high-temperature stability in terms of
ion conduction. Figure 5g demonstrates the combined advantages of
high ionic conductivity, good mechanical properties, and frost resis-
tance of the C-SL-G organohydrogel. The C-SL-G organohydrogel
connectors exhibit varying degrees of changes in light-emitting diode
(LED) brightness when twisted and pressed. Even at a low temperature
of −20 °C, The C-SL-G organohydrogel can still emit light, which,
combined with their excellent mechanical properties, makes C-SL-G
organohydrogel a competitive material for ionic and biomedical
applications.

To further validate the stable flexibility and conductivity of the
organohydrogels, the rate of change of electronic resistance (ΔR/
R0 = (R0-R)/R0; R0 and R are corresponded to the resistance when
unstretched and stretched, respectively) was used as a strain function,
the relative resistance changes of the C-SL-G organohydrogel under
different deformation modes were investigated. Wearable devices for
monitoring body movements and other bio signals were fabricated
using C-SL-G organohydrogel sensors. These sensors can monitor
large-scale movements of the human body. Figure 5h provides com-
parative plots of the relative resistance change rate of the hydrogel
sensors at finger bending angles of 30°, 45°, 60°, and 90°. The larger
the finger bending angle, the higher the relative resistance. Figure 5i
depicts the resistive response of the C-SL-G strain sensor to elbow
flexion at different temperatures. It is observed that the C-SL-G strain
sensor can detect and differentiate between extension and flexion
motions of the joints.

The lack of significant differentiable signal attenuation at 25 °C
and −20 °C suggests that the device can successfully maintain excel-
lent strain sensitivity, thanks to the freezing resistance of the C-SL-G
organohydrogel (Supplementary Fig. 47). We anticipate that our
supramolecular organohydrogel with excellent anti-freezing proper-
ties can be potentially applied in low temperature adaptable batteries
and sensors used in cold areas on earth and even in the realm of space
exploration. Figure 5j shows that the signal strength of the strain
sensor maintains stable even after one week of sealed storage, and has
impressive resistance to electrical stability. This indicates that orga-
nohydrogels exhibit high strain sensitivity, making them a highly
promising material for strain sensors.

Discussion
In this work, a “bottom-up” solution interface induced self-assembly
strategy is adopted to develop a compressible, anti-fatigue, extreme
environment adaptable, biocompatible, and recyclable chitosan-
lignosulfonate-gelatin organohydrogel. The synergistic energy dis-
sipation mechanism arising from noncovalent bonded conjoined net-
work results in excellent mechanical properties and versatility for the
organohydrogels. Furthermore, the solvent induced homogeneous
nanoparticles of lignosulfonate enhance the crosslinking sites. Nota-
bly, the strength has exceeded that of conventional C-G hydrogels by
more than 100 times. In addition to the high compressive strength,
toughness, and fatigue resistance, the developed organohydrogel also
demonstrates good biocompatibility both in vivo and vitro and
environment adaptability at low temperature. Meanwhile, the orga-
nohydrogel presents low-cost processing and environmental sustain-
ability through the utilization of all natural components and facile
recyclability. Overall, this work displays a versatile approach to
develop a resilient and tough organohydrogel based on electrostatic
and hydrogen bonding interactions. We believe that the biologically
sourced organohydrogels hold great potential for applications in areas

Article https://doi.org/10.1038/s41467-024-55530-1

Nature Communications |          (2025) 16:160 9

www.nature.com/naturecommunications


Fig. 5 | Versatility of the C-SL-G organohydrogels.Cell viability of ATDC5 cells (a)
and C3H10T1-2 cells (b) cultured on the C-G hydrogel, C-G-EG, and C-SL-G orga-
nohydrogels for 24 and 48h. Data in a and b represent theirmeans ± SDs from n = 3
independent samples. c Confocal fluorescence microscopy images of NIH3T3 cells
cultured on C-SL1−0.01-G organohydrogel immersion solution for 48h. Scale bar,
100μm.Grafting and staining imagesofC-G-EG (d) andC-SL1-0.01-Gorganohydrogel
(e) subcutaneously implanted in mice for 14 and 28 days after implantation.
Inflammatory response to the implants was assessed by HE staining. f Ionic

conductivity of C-SL1-0.01-G organohydrogel at different temperatures. Center
line =median; box limits = upper and lower quartiles; whiskers = 1.5× interquartile
range (n = 3). g Photographs of C-SL1-0.01-G organohydrogel connected into loops
by bending, pressing, and at −20 °C. Relative resistance changes of C-SL1-0.01-G
organohydrogel under repetitive strain loading for fingers were flexed to different
degrees (h) elbow joints were flexed back and forth at different temperatures (i)
and fingers were flexed back and forth at a certain angle after being left for a
week (j).
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such as tissue engineering, vibration dampening, soft robotics, and
smart wearable devices.

Methods
Ethics statement
All animal procedures were approved by the Animal Experimentation
Ethics Committee of Research Selection Biotechnology (Hangzhou)
Co., LTD (permission number SYXK (Zhejiang) 2021-0043). Informed
consent has been obtained from all participants or their legally
authorized representatives for this study.

Materials
Chitosan (deacetylation degree ≥95%, viscosity 100–200 mPa‧s) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Gelatin (gum strength ~250g Bloom) was purchased from Shanghai
Maclean Biochemical Technology Co., Ltd. Kraft lignin (KL) was pur-
chased from Jiangsu Paper Mill. Acetic acid (HAc, ≥99.8%), and for-
maldehyde (37wt. % in H2O), and poly (diallyl dimethylammonium
chloride) solution (PDADMAC, 35wt.% in H2O) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. EG ( ≥ 98%), and
anhydrous sodium sulfite (Na2SO3, ≥98%), and glycerol (≥99%), and
copper(II) sulfate anhydrous (CuSO4, ≥98%), and sodium hydroxide
(NaOH, >96%) were purchased from Shanghai Sinopharm Chemical
Reagent Co., Ltd. ATDC5 cells (CL-0856), and C3H/10T1/2 cells (CL-
0325), andNlH3T3 cells (CL-0171) were purchased fromWuhan Pricella
Biotechnology Co., Ltd. Live-dead staining reagent, and hematoxylin,
and eosin staining reagents were purchased from Shanghai Bestbio
Biotechnology, Co., Ltd. Mouse TGF-β1 ELISA Kit was purchased from
Abcam, and the anti-TGF-β1monoclonal antibodywasdiluted at a ratio
of 1:100 in Assay Buffer. The strains of Escherichia coli (E. coli, ATCC
25922) and Staphylococcus aureus (S. aureus, CMCC (B) 26003) were
obtained from Promega. All other chemicals were of analytical grade.

Preparation of lignosulfonates
KLwas sulfonated to prepare lignosulfonates with different degrees of
sulfonation. Briefly, 0.4mL of 37% formaldehyde, 5.0 g of Na2SO3 and
10 g of KL were mixed with 30mL of deionized water in a 100mL
stainless steel reactor. The reactor was heated to 140 °C in an oil bath
andkept for 3 h toobtainSL1. The content of sulfonate group in SL1was
2.9mmol/g59. In addition, 10 g of KL was put into a high-pressure glass
flask, 50mL of NaOH solution (0.8M) was added and dissolved under
magnetic stirring, then 1.5mL of formaldehyde was added, and after
magnetic stirred at 70 °C for 1.5 h, 2 g of Na2SO3 was added and heated
at 95 °C for 3 h to obtain SL2. The content of sulfonate group in SL2 was
0.9mmol/g.

Preparation of C-SL-G organohydrogels
C-SL-G organohydrogels were prepared by simple gelation and
solvent exchange. Briefly, the required amounts of chitosan (3%, w/v)
and gelatin (15%, w/v) were dissolved in acetic acid aqueous solution
(1%, v/v). The solution was stirred at 60 °C and then poured into the
mold to form the original C-G composite hydrogel at 4 °C. The
preformed hydrogels were further immersed in different con-
centrations of SL-EG solutions for 2-12 h (depending on sample size)
to obtain C-SL-G organohydrogels.

Characterizations of different hydrogels and organohydrogels
TEMand SEMof lignin particles, C-G hydrogel, C-G-EGorganohydrogel
and C-SL-G (at 0.01 and 0.05 g/mL) organohydrogels were conducted
using JEM-1400 (JEOL, Japan) and Quanta 200 (FEI, USA) instruments
toobserve themicrostructure. Ramanspectroscopy and spatial Raman
mapping were performed utilizing confocal in situ Raman spectro-
scopy (LabRAM HR Evolution, Horiba, France), the wavelength of the
excitation laser was 785 nm, and the image pixel size was 2.0 μm. FTIR
of the samples were collected with FTIR spectrometer (VERTEX 80V,

Bruker, Germany) in the frequency range of 4000–500 cm−1 with a
total of 32 scans and a resolution of 4 cm−1. The rheological char-
acteristics of the gels were determined by a micro-infrared coupled
rheometer (MARS60, Thermo Fisher, Germany), which measured the
G’ and G” of the gels at different shear forces and frequency, and
recorded the G’ of the gels in the temperature range of 25–100 °C.
Thermodynamic properties of the gels were tested by using DSC 214
Polyma (Netzsch, Germany) at a nitrogen flow rate of 40mL/min.
Statistical analysis of zeta potential and particle size distribution were
performed by nano-laser particle size analyzer (Zetasizer Nano ZS,
Malvern Panalytical, UK). The lignin sulfonation degree was tested
usingmultifunctional automatic titrator (CT-1Plus, Hogon, China). XPS
spectroscopy was obtained by Thermo Scientific K-Alpha (Thermo
Fisher, USA), used to explore the chemical composition and the ele-
ment binding energy changes of gels. Low-field NMR test was con-
ducted using the VTMR20-010V-T NMR instrument (Niumag, China),
T2 measurements of the gels were conducted at a proton resonance
frequency of 21MHz (0.5 T). 31P NMR spectroscopy and 2D-NMR
spectroscopy were tested by 600MHz fully digital superconducting
NMR spectrometer (AVANCE III HD, Bruker BioSpin, Switzerland).
Fatigue experiments were carried out using LTM 10 testing machine
(ZwickRoell, Germany), high-frequency testing at 10Hz and low-
frequency testing at 1 Hz. Data were plotted using OriginPro 2022 SR1
(9.9.0.225) software.

Statistics and reproducibility
All experiments were repeated independently with similar results at
least three times.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Thedata that support the findings of this study are availablewithin this
paper and/or included in the Supplementary Information, and from
the corresponding authors upon request. Source data are provided
with this paper.
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