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A B S T R A C T

Stimuli-responsive cellulose hydrogels have garnered significant attention in the biomedical field owing to their 
extensive applications in tissue engineering and controlled drug delivery systems. Derived from cellulose and its 
derivatives, they are synthesized through physical or chemical cross-linking techniques, offering notable ad
vantages such as cost-effectiveness and excellent biocompatibility. These hydrogels can respond to environ
mental stimuli, including pH variations, temperature fluctuations, and light exposure, enabling targeted drug 
release and promoting tissue regeneration. In tissue engineering, Stimuli-responsive cellulose hydrogels are used 
for the repair and regeneration of skin, bone, and other critical tissues. In drug delivery, they are optimized for 
oral, nasal, and ocular administration, as well as advanced cancer therapies. In addition, Stimuli-responsive 
cellulose hydrogels exhibit significant potential in disease diagnostics, particularly their conductive variants, 
which show promise in biosensing and diagnostic applications. However, despite their potential, challenges such 
as immune compatibility, long-term stability, and scalability in production remain barriers to clinical translation. 
Future research efforts should focus on multifunctional integration, advanced intelligent design, and enhanced 
stimulus responsiveness to fully unlock their potential in biomedical applications and facilitate their transition 
from laboratory research to practical use.

1. Introduction

In recent years, the depletion of non-renewable resources and the 
increasing emphasis on environmental sustainability have heightened 
interest in natural polymers [1]. Cellulose, the most abundant renewable 
natural resource, is widely distributed in nature. It constitutes the pri
mary component of plant cell walls, accounting for approximately 
40–50 % of their mass [2] (Fig. 1A). Beyond the plant kingdom, cellulose 
is also found in certain animals and microorganisms. The structure of 
cellulose is determined to be a straight chain polymer of β-D-glucose 
units connected by β-(1→4) glycoside bonds, with no branches in the 
structure [3] (Fig. 1B). The human body lacks β-glucosidase, rendering it 
incapable of breaking down cellulose for utilization [4]. When food 
containing cellulose enters the human body, it is first mechanically 
digested by the mouth and stomach, then ground and mixed into the 

small intestine. Although the small intestine cannot enzymolysis cellu
lose, it can promote intestinal peristalsis. In the process of cellulose 
degradation, the microbial community in the human gut is the real 
"main force". Some intestinal bacteria can produce cellulase, which 
gradually decomposes cellulose into oligosaccharides and glucose 
monomers for microbial metabolism and generates short-chain fatty 
acids such as acetic acid, propionic acid and butyric acid [5]. These 
products are not only used by microorganisms, but also partially 
absorbed by the human body to participate in energy metabolism, 
maintain intestinal environment stability, and reduce the risk of colo
rectal cancer. Notably, cellulose is particularly attractive for its excellent 
biocompatibility, abundant availability [6], low cost, high mechanical 
strength, good renewability, and biodegradability [7,8].

Hydrogels are three-dimensional (3D) network structures composed 
of hydrophilic polymer chains that are interconnected through chemical 
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bonds [9,10], hydrogen bonds [11], van der Waals forces, and physical 
entanglements [12]. All materials required for their preparation contain 
some hydrophilic groups. Through meticulous design strategies, 
hydrogels can be structurally and functionally modified to tailor their 
physicochemical properties, including stiffness, pore size, viscoelas
ticity, microstructure, degradability, ligand presentation capabilities, 
and responsiveness to external stimuli. Furthermore, these attributes 
significantly influence cellular signaling and behavior [13,14]. Because 
hydrogel properties are comparable to the external environment of cells, 
hydrogels demonstrate exceptional biocompatibility along with favor
able physical and mechanical characteristics, as well as long-term sta
bility post-implantation [15]. Consequently, hydrogels serve as versatile 
platforms for a myriad of biomedical applications [16]. They have been 
used across various biomedical domains, including wound healing [14,
17], tissue engineering [18], antitumor immunotherapy [19], disease 
modeling initiatives, cell delivery vectors, smart drug carriers, bio
imaging techniques, biosensing applications, and conductive wearable 
or implantable biological devices [20].

The biocompatibility, degradability, non-toxicity and hydrophilicity 
of hydrogels extracted from natural polymers are significantly better 
than those of their composites [21]. Cellulose-based hydrogels play a 
crucial role in scientific research in various fields, including biomedi
cine, pharmaceuticals, food science and agriculture [22]. Due to its rich 
hydrophilic groups, cellulose has excellent water absorption and 
retention capabilities. In addition, its hydroxyl group, due to its strong 
reactivity, can be used as a site for chemical modification, thereby 
preparing various functional composite materials [23]. The preparation 
of cellulose hydrogels requires careful consideration of the types of 
cellulose, dissolution methods and hydrogel preparation techniques 
[24] (Fig. 1C). Traditional research on cellulose-based hydrogels is 
gradually unable to meet the growing demands for their functions and 
performances. Most traditional studies are limited to basic properties 
and simple applications, and fail to fully exert the potential value of 
cellulose-based hydrogels. Against this background, stimulus-responsive 
cellulose hydrogels emerged and became a research hotspot in this field. 
This type of hydrogel can respond sensitively and accurately to various 

Fig. 1. Cellulose and cellulose hydrogels. (A) Sources of cellulose. This figure is reproduced with minor modifications from Ref. [2], Copyright © 2024 Che
mosphere. published by Elsevier Ltd. (B) The structure of cellulose. This figure is reproduced with minor modifications from Ref. [3], Copyright © 2024 Carbohydrate 
Polymers. published by Elsevier Ltd. (C) Preparation principle of cellulose hydrogels. This figure is reproduced with minor modifications from Ref. [24], Copyright © 
2021 Carbohydrate Polymers. published by Elsevier Ltd.
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external stimuli, such as pH value [25], temperature [26], humidity, 
pressure, electric field, light [27], magnetic field [28], and chemical 
substances [29], etc. By carefully designing its physical/chemical 
cross-linking mode and stimulus response mechanism, researchers can 
effectively regulate the mechanical properties, response speed and 
functional diversity of hydrogels. For example, Ph-responsive cellulose 
hydrogels can precisely control drug release based on changes in envi
ronmental pH values, and this property is of great significance in fields 
such as tumor treatment. The microenvironment of tumor tissues is 
usually acidic. Ph-responsive hydrogels can specifically release drugs at 
the tumor site, improve the efficacy of drugs, and reduce damage to 
normal tissues at the same time [27,30,31]. Temperature-responsive 
hydrogels can be applied to smart switches and tissue engineering 
scaffolds, achieving specific functions based on temperature changes, 
providing new options for related medical devices and tissue repair [32].

This review systematically conducts the preparation and character
ization of cellulose hydrogels, their derivatives, and nanocellulose 
hydrogels. By ingeniously combining physical and chemical cross- 
linking techniques, stimulus-responsive hydrogels with high strength, 
self-healing properties, and rapid response were successfully obtained. 
This type of hydrogel plays a key role in multiple fields. In tissue engi
neering, it can create a favorable growth environment for cells and 
promote tissue repair and regeneration. In terms of drug delivery, pre
cise drug release can be achieved to enhance the therapeutic effect. 
When diagnosing diseases, by responding to specific stimuli, biomarkers 
can be detected more sensitively, facilitating early diagnosis. In the field 
of environmental monitoring, it can also be used to detect harmful 
substances. The article also highlights the significance of the green 
preparation process. By adopting this process, not only can the use of 
toxic reagents be avoided and the adverse impact on the environment be 
reduced, but also the biocompatibility and degradability of hydrogels 
can be enhanced, paving the way for their clinical application and 
commercialization. Furthermore, from the perspective of multi- 
disciplinary integration and comprehensively considering factors such 
as regulations and costs, this article deeply explores the application 
prospects of cellulose hydrogels, providing strong support for subse
quent research and industrial development, and is expected to promote 
greater breakthroughs in the fields of biomedicine and environmental 
engineering.

2. Cellulose hydrogels

2.1. Structure and properties of cellulose

Cellulose is an abundant, renewable polymer [33]. It is typically 
classified as either plant or bacterial cellulose, depending on its origin 
[34]. Cellulose consists of linear or helical macromolecular chains of 
D-glucose units linked by β(1→4)-glycosidic bonds between the C1 
hemiacetal hydroxyl group and the C4 alcohol hydroxyl group [35]. 
Each chain has both reducing and nonreducing ends [36], and the 
D-glucose rings adopt a chair conformation [37]. Plant fibers are a sig
nificant source of cellulose and are widely available in the seeds, fruits, 
stems, and leaves of plants, including bamboo, kapok, flax, and ramie 
[38]. In contrast, bacterial cellulose is synthesized through the 
fermentation of certain microorganisms [39], including Bacillus subtilis 
acetate, Agrobacterium tumefaciens, Pseudomonas aeruginosa, Rhizobium, 
and ascomycetes [40]. Unlike plant cellulose, bacterial cellulose has a 
unique porous reticulated nanostructure [41]. In addition, it possesses a 
high water-retention capacity, polymerization degree, mechanical 
strength, and crystallinity [39].

Cellulose molecules contain numerous hydroxyl groups, which 
readily form intra- and intermolecular hydrogen bonds. These hydrogen 
bonds can cause cellulose molecules to aggregate [42–45] into crystal
line fibrillar structures with parallel spiral assemblies that pack tightly 
together, thereby enhancing the linearity, rigidity, and structural 
integrity of cellulose [46]. This unique structure significantly affects the 

physical and chemical properties of cellulose, as well as its reactivity.
Most bioderived materials undergo physical, chemical, or biological 

modification or functionalization before use [47]. However, cellulose 
does not dissolve easily in common molecular solvents, including water, 
owing to its extensive inter- and intramolecular hydrogen bonds and 
tightly packed crystalline regions [48]. As a result, reactions under 
heterogeneous conditions are often limited to the cellulose fiber surface, 
which restricts the scope of cellulose modifications [49]. This poses a 
considerable obstacle to its conversion and use [50]. Nevertheless, the 
development of solvents capable of dissolving cellulose has enabled the 
preparation of functional cellulose materials in homogeneous systems 
using cellulose solutions as raw material, which can maximize the uti
lization rate of hydroxyl groups and ensure the uniformity of the reac
tion. Several cellulose dissolution systems have been developed, 
including N-methylmorpholine-N-oxide [51], ionic liquids [52], and 
alkali/urea systems [53].

2.2. Advantages of cellulose hydrogels

Hydrogels derived from cellulose exhibit notable benefits, including 
cost-effectiveness, abundant availability, robust mechanical properties, 
and favorable biocompatibility. As a naturally abundant polysaccharide, 
cellulose is both easily accessible and economical, making it highly 
suitable for large-scale utilization [54]. The mechanical robustness of 
these hydrogels can be further improved through chemical modifica
tions, enhancing their suitability for applications requiring long-term 
implantation. Moreover, their excellent biocompatibility enables their 
use in diverse fields such as controlled drug delivery, tissue engineering, 
and wound care [55]. By incorporating specific modifications, these 
hydrogels can also be designed to exhibit pH-responsive behavior, 
facilitating targeted therapeutic delivery and the development of intel
ligent material systems.

In comparison to other advanced biomaterials like silk protein, chi
tosan, sodium alginate, and hyaluronic acid, cellulose hydrogels 
demonstrate distinct advantages in terms of affordability, resource 
availability, and mechanical performance. Although silk protein 
hydrogels are known for their exceptional biocompatibility and me
chanical strength, their high production costs and limited availability 
restrict their widespread use [56]. Chitosan hydrogels, despite their 
antimicrobial and biodegradable characteristics, often exhibit only 
moderate mechanical strength [57]. Sodium alginate hydrogels, 
although cost-efficient and easy to process, typically lack the necessary 
mechanical robustness for certain demanding applications [58]. Hyal
uronic acid hydrogels, despite their superior biocompatibility, are often 
hindered by high costs and limited mechanical durability [59]. In 
contrast, cellulose hydrogels offer a unique combination of low pro
duction costs, widespread availability, high mechanical integrity, and 
excellent biocompatibility, making them an ideal choice for large-scale 
and long-term biomedical applications [60]. Their multifunctional na
ture positions them as a highly competitive and versatile material in the 
realm of advanced biomaterials.

2.3. Classification of cellulose hydrogels

2.3.1. Natural cellulose hydrogel
Natural cellulose hydrogels, characterized by their three- 

dimensional network structures, can be synthesized through physical 
crosslinking methods (such as hydrogen bonding, freeze-thaw cycles, 
and ionic crosslinking) or chemical crosslinking approaches (such as 
covalent bonding and graft copolymerization). These materials exhibit 
high water content (>90%), excellent biocompatibility, degradability, 
and tunable mechanical properties, making them versatile polymeric 
materials. Their unique structural and functional attributes endow them 
with broad application potential in fields such as biomedicine, envi
ronmental engineering, and the food industry [61].

Wang et al. [62] proposed a design strategy based on supramolecular 
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engineering, which significantly improved the mechanical properties 
and ionic conductivity of cellulose hydrogels by introducing the strong 
coordination between bentonite (BT) and cellulose and the ion regula
tion ability of the nanoconfined cellulose-BT intercalation structure. An 
all-natural cellulose-Bt composite hydrogel has been successfully 
developed, which exhibits excellent mechanical properties (compressive 
strength up to 3.2 MPa, fracture strength up to 0.45 MJ m− 3) and ionic 
conductivity (89.9 and 25.8 mS cm− 1 at 25 ◦C and − 20 ◦C, respectively), 
as well as excellent freezing resistance. This study provides new ideas 
and theoretical support for the design of cellulose hydrogels and other 
functional materials.

2.3.2. Cellulose-derivative hydrogels
Cellulose derivatives prepared by chemical modification are mainly 

carried out by two methods: cellulose degradation and derivatization of 
the hydroxyl groups [63]. Common cellulose derivatives include sodium 
carboxyme thyl cellulose (CMC) [64,65], hydroxypropyl cellulose [66], 
hydroxyethyl cellulose [67], cellulose acetate [68], methylcellulose 
[69], and hydroxypropyl methylcellulose [70]. Hydrogels can be pre
pared directly from most cellulose derivatives because they are soluble 
in water or common organic solvents.

CMC is highly pH-sensitive, with a pKa of approximately 3–4, mak
ing it widely applicable for uses such as slow drug-release systems [71]. 
Many researchers have combined CMC with polyacids to develop 
pH-responsive composite polymers or hydrogels. Typical polyacids, such 
as polyacrylic acid and polymethacrylic acid, have a pKa of approxi
mately 5–6. Hydroxypropyl cellulose hydrogels have been extensively 
studied owing to the high water solubility and temperature sensitivity of 
hydroxypropyl cellulose [72]. pH-sensitive polyacids are often used to 
prepare polyacid/hydroxypropyl cellulose composites through grafting 
or free-radical polymerization, thereby achieving both pH and temper
ature sensitivity. Karewicz et al. [73] synthesized alginate/hydrox
ypropyl cellulose hydrogel microspheres with temperature sensitivity, 
designed for the controlled release of the anticoagulant drug heparin. 
The hydrogel microspheres had a diameter of approximately 3 μm and 
featured a regular pore-like mesh structure on their surfaces. The release 
curve of heparin can be customized by the temperature and composition 
ratio of the preparation material used.

2.3.3. Nanocellulose hydrogels and their preparation
Nanocellulose is a kind of sustainable natural material prepared by 

modification of cellulose [74].Cellulose nanocrystals (CNC) [75] and 
Cellulose nanofibers (CNF) [46] are two important nanocellulose ma
terials that are extracted from natural cellulose by acid hydrolysis and 
mechanical treatment (often combined with chemical pretreatment), 
respectively. The CNC is a short rod-shaped, approximately 3–10 nm in 
diameter and 100–300 nm in length, with high crystallinity (54–88 %) 
and high rigidity (approximately 7.5 GPa in strength), suitable for 
reinforcement composites, optical films and drug carriers. CNF is long 
fibrous, about 5–60 nm in diameter, up to several microns in length, low 
crystallinity (50–60 %), good flexibility, and can form a gel-like network 
structure, which is widely used in flexible films, packaging materials and 
biomedical fields. The main differences between the two are form, 
crystallinity and mechanical properties, and the choice depends on the 
specific application needs. CNC and CNF show great promise in areas 
such as coatings [76], biomedicine [77], energy storage [78], and sep
aration technology [79]. CNFs possess excellent mechanical properties 
and tunable surface chemistry [80]. Current research on nanocellulose 
focuses on its outstanding physicochemical properties, new preparation 
techniques, and advanced surface modification methods [81,82]. 
However, owing to the complexity and low yield of nanocellulose pro
duction, it is mainly used as a reinforcement phase in composite 
materials.

2.3.3.1. CNC hydrogels. CNCs, including nanocrystalline cellulose and 

cellulose nano whiskers (CNWs), comprise rigid rod-like particles [83] 
with lengths of 100–200 nm and diameters of approximately 5–20 nm 
[84], making them considerably shorter than CNFs. Phan et al. [85] 
prepared thermos-responsive CNC hydrogels, which had effects on drug 
release and pharmacokinetics (Fig. 2A(i)) It has different forms at 
different temperatures and is injectable (Fig. 2A(ii)).

Research on single-component CNC hydrogels is limited, likely 
owing to the inability of CNCs to “entangle” sufficiently, as well as the 
high CNC concentrations (>10 wt%) required for gelation. Nevertheless, 
gelation can be achieved at lower CNC concentrations by changing the 
solution conditions, modifying the surface, or introducing adsorbent or 
non-adsorbent water-soluble polymers [86]. Chau et al. [87] showed 
that increasing the ionic strength of the suspension by adding salts 
inhibited electrostatic repulsion and increased molecular interactions, 
thereby reducing the sol-gel transition concentration to approximately 
1.5 wt% CNC. Huang et al. [88] developed an injectable nanocomposite 
self-healing hydrogel prepared from CMC and aldehyde cellulose 
nanocrystals, which can keep wounds moist and absorb inflammatory 
exudates. This CMC/DACNC nanocomposite hydrogel exhibits high 
self-healing efficiency (approximately 5 min) and is injectable with 
commendable mechanical strength, making it suitable for use as a 
wound dressing for patients with deep burns.

2.3.3.2. CNF hydrogels. The high-energy mechanical homogenization 
of wood pulp produces CNFs with lengths greater than 1 μm and di
ameters of approximately 1 nm. CNFs are longer and more flexible than 
CNCs, with better entanglement tendencies, making them well-suited 
for hydrogel formation. Brusentsev et al. [89] used photocrosslinking 
to prepare CNF hydrogels, which showed good biocompatibility and laid 
a good foundation for tissue engineering (Fig. 2B). The delamination and 
primary fibrillation processes of CNFs are often coupled with enzymatic 
treatments, TEMPO oxidation, or other chemical modifications such as 
carboxyl methylation. Therefore, CNFs have diverse surface chemistries 
and charge densities [90].

Zheng et al. [91] used in situ radical polymerization to uniformly 
disperse CNF-graphene (GN) nanocomposites in PAA hydrogels, result
ing in composite hydrogels with high ductility and conductivity. The 
conductivity of the composite hydrogel material was 2.5 S/m, whereas 
the compressive strength and tensile strength were 2.54 and 0.32 MPa, 
respectively. Notably, CNF can form a unique hierarchical structure that 
promotes the formation of a stable hydrogel network and increases the 
crosslinking density. However, the introduction of CNF can prevent the 
aggregation of graphene, while improving the mechanical properties of 
the composite hydrogel. Lu et al. [92] prepared CNF-CNT/PAAM com
posite hydrogel materials through one-pot free-radical polymerization, 
using CNF as the carrier. In this case, CNF not only provides a tough
ening effect as a nano-enhancer but also effectively aids in the uniform 
distribution of carbon nanotubes within the hydrogel matrix. The results 
indicate that the hydrogel exhibits high compressive and tensile 
strength, with a strain coefficient of approximately 11.8 when the strain 
ranges from 100 to 200 %. In addition, its pressure-sensing ability is 
effective within the pressure range of 0–140 kPa, and motion signals can 
be reliably detected after 100 load-to-unload cycles. Nanocellulose, with 
its strong hydrophilicity, can improve the compatibility of carbon ma
terials with hydrogels. Moreover, nanocellulose can also serve as a 
dispersant for carbon materials and a strengthening agent for gel 
materials.

2.4. Preparation of cellulose hydrogel

Cellulose hydrogels can be prepared through physical or chemical 
crosslinking [93,94]. Crosslinking is a critical step in the preparation of 
hydrogels, as it restricts the mobility of the polymer chains [95–97], 
thereby converting the polymer from a bulk liquid into a gel. Hydrogels 
can be coupled with intracellular signals, trigger the operation of 
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intracellular mechanisms and drug release, and play a role in precise 
drug release [20,46] (Fig. 3A). Hydrogels prepared by different prepa
ration methods have different properties (Table 1). And with the 
development of stimulus-responsive materials, cellulose hydrogels show 
great potential in this field. Li et al. [98] applied Interpenetrating 
Polymer Network (IPN) to develop carboxymethyl cellulose (CMC) 
hydrogels. Hydrogel units can withstand severe bending/compression 
deformation and operate normally at extreme temperatures (− 30-70 ◦C) 
(Fig. 3B). Kang et al. [48] developed a hydrophilic cellulose based 
hydrogel sensitive to light and pH (Fig. 3C(i-ii)). The hydrogel was 

prepared based on Schiff base reaction and distributed uniformly under 
electron microscopy, providing a new idea for smart contact lenses 
(Fig. 3C(iii-iv)).

2.4.1. Physical crosslinking
Physically cross-linked hydrogels are formed by noncovalent in

teractions, such as hydrogen bonding, ionic bonding, electrostatic 
forces, van der Waals forces, and hydrophobic interactions. These 
hydrogels are nonpermanent and can revert to a solution upon heating; 
thus, they are also known as pseudogels or thermos reversible gels [99]. 

Fig. 2. Preparation of nanocellulose hydrogels. (A) Research on temperature-responsive hydrogels based on CNC cellulose. (i) Schematic diagram of loading DOX 
hydrogel; (ii) In vitro characterization of hydrogels. This figure is reproduced with minor modifications from Ref. [85], Copyright © 2022 ACS applied materials & 
interfaces. published by American Chemical Society. (B) Preparation of hydrogels based on CNF cellulose photocrosslinking and shape memory. (i) Preparation 
diagram; (ii-iii) Cell characterization. This figure is reproduced with minor modifications from Ref. [89], Copyright © 2023 Biomacromolecules. published by 
American Chemical Society.
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Cellulose hydrogels are often physically cross-linked because the 
abundant hydroxyl groups of cellulose facilitate the formation of 
hydrogen-bonding networks. However, they generally have weaker 
mechanical properties than chemically cross-linked hydrogels [95].

2.4.1.1. Hydrogen bonding. Hydrogen bonding is essential for the for
mation and stabilization of biological systems and hydrogels. This 
bonding occurs through many weak single hydrogen bonds that 
assemble components into complex structures called multiple hydrogen 
bonds [99]. The dynamic nature of hydrogen bonds allows them to 
break and reorganize during material deformation, dissipating energy 
and giving materials their unique strength, toughness and elasticity. For 
example, cellulose contains strong inter- and intramolecular hydrogen 
bonds, which makes it insoluble in water and organic solvents in gen
eral. Zhou et al. [100] prepared pH-responsive gels based on carbox
ypropyl cellulose and carboxymethyl chitosan through hydrogen 
bonding and Schiff base reaction. The hydrogel is homogeneous in 
structure and loaded with phenylalanine. When pH value is 6.8, the drug 
release rate increases significantly (Fig. 4A(i-iii)) Within the molecule, 
hydroxyl groups and sterically regulated chain conformations form a 
strong hydrogen bonding network that enables the preparation of cel
lulose hydrogels. Orasugh et al. [101] incorporated CNCs into poloxam 

407 (PM)-based hydrogels, where the formation of strong hydrogen 
bonds resulted in high intensity and sustained drug release. Overall, the 
ability of hydrogen bonding to form complex structures, dissipate en
ergy and enhance materials makes it a valuable tool for developing 
advanced hydrogels for drug delivery and tissue engineering 
applications.

2.4.1.2. Ionic bonding. Ionic crosslinking is characterized by its simple 
reaction conditions and the ability to perform crosslinking at room 
temperature [102]. Hujaya et al. [103] developed cellulose hydrogels 
prepared by CNF through ionic complexation, and DOX released 
abruptly when pH increased to 7.4, and had a slow release state when pH 
decreased to 4 (Fig. 4B). Chen et al. [104] used a straightforward 
impregnation technique to produce high-strength, self-healing cellulose 
hydrogels. The composite of sodium carboxymethyl cellulose (CMC) and 
polyacrylic acid-Fe3+ (PAA-Fe3+) was used to fabricate a multifunc
tional hydrogel. The results indicate that with a water content of 37.7 %, 
the elastic modulus of the synthesized hydrogel material is 0.41 MPa, 
whereas its breaking strength reaches 4.42 MPa. Furthermore, this 
composite hydrogel exhibits an enhanced self-healing rate and greater 
elongation at break, achieving a remarkable self-healing rate of up to 85 
%.

Fig. 3. Structure and formation principle of hydrogels. (A) Signal coupling triggered by the hydrogel in the cell. adapted and reprinted with permission. This 
diagram is reproduced with minor modifications from Ref. [20], Copyright © 2022 Journal of colloid and interface science. published by Elsevier. (B) Development of 
carboxymethyl cellulose (CMC) hydrogels. carboxymethyl cellulose (CMC); polyaniline (PANI); polyethyleneimine/polyacrylamide (PEI/PAAM). This diagram is 
reproduced with minor modifications from Ref. [98], Copyright © 2022 Carbohydrate Polymers. published by Elsevier Ltd. (C) Preparation mechanism of oxy
hydroxyethyl cellulose based hydrogel used in smart contact lenses. This diagram is reproduced with minor modifications from Ref. [48], Copyright © 2022 In
ternational journal of biological macromolecules. published by Elsevier.
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2.4.1.3. Hydrophobic association. Hydrophobic association hydrogels 
typically refer to the formation of hydrogels through hydrophobic in
teractions among molecules, characterized by both hydrophilic and 
hydrophobic components. This phenomenon occurs as the hydrophilic 
chains fold in an aqueous environment, exposing the hydrophobic 
structures that become surrounded by polar groups. Upon reaching a 
critical gel concentration, these components aggregate into micelles, 
resulting in gel formation [105]. Hydrophobic association hydrogels are 
generally synthesized via two primary methods: one involves amphi
philic polymers containing both hydrophilic and hydrophobic moieties, 
where the latter serves as crosslinking points within the network 
structure. When these amphiphilic polymers are introduced into water, 
their hydrophobic segments coalesce, facilitating hydrogel formation 
through macromolecular chains or intermolecular associations [106]. In 
addition, a stable 3D network can be established using a predominant 
amount of a hydrophilic monomer copolymerized with minor quantities 
of monomers possessing hydrophobic groups and incorporating surfac
tants. Hydrophobic interactions are crucial in the recombination and 
folding of biomacromolecules, as well as in micelle assembly. Further
more, these interactions can be harnessed to develop shear-thinning 
hydrogels. Liu et al. [107] prepared cellulose hydrogels through static 
π-π stacking, electric power, hydrophobic interaction hydrogen bonding, 
and weak entanglement, which has high tensile and adhesion, and has 
been widely used in electronic skin and healthcare (Fig. 4C).

2.4.1.4. Host–guest/hydrophobic interactions. Host–guest interactions 
are noncovalent interactions between two or more molecules with 
complementary structures in the form of molecular recognition. Cyclo
dextrin is a supramolecular hydrogel widely used to induce host–guest 
interactions [108]. Typically, cyclodextrin molecules bind to host mol
ecules, whereas guest molecules interact with cyclodextrin through 
hydrophobic interactions to form supramolecular hydrogels. In the 
presence of water, a diverse array of small guest molecules can be 
encapsulated within the cavities of large ring molecules through 
host–guest interactions, resulting in the formation of a host–guest 
complex. The binding and dissociation of this complex are influenced by 
environmental factors such as temperature, REDOX conditions, light 
exposure, and pH levels. The strength of the binding interaction is 
quantified by the binding constant, which is typically associated with 
characteristics of the guest molecule, including molecular volume, 
structural configuration, and hydrophobicity. Jiang et al. [19] prepared 
self-healing, Ph-responsive injectable cellulose hydrogels using 
host-guest interaction. Using DOX as a model drug, hydrogels enhance 
the antitumor efficacy of DOX and reduce the side effects of DOX 
(Fig. 4D).

2.4.1.5. Other physical crosslinking strategies. The freeze-thaw method 
involves subjecting hydrogel to low temperatures for freezing, followed 
by thawing at ambient temperature and repeating this freeze-thaw cycle 
to create a novel type of hydrogel. This process does not require the 
addition of crosslinking agents or organic solvents, resulting in a gel 
with excellent biocompatibility and mechanical strength that surpasses 
those of hydrogels produced through chemical crosslinking. In the 
freeze-thaw process, freezing temperature, freezing duration, and cycle 
times have significant effects on the properties of hydrogels. Freeze- 
thawing improves the properties of polymer gels without compro
mising their biocompatibility or biodegradability. For instance, polyvi
nyl alcohol (PVA)/cellulose nanocrystal (CNC) hydrogels formed by 
freeze-thawing exhibit enhanced compression properties. The number 
of freeze-thaw cycles significantly affects the properties and micro
structures of hydrogels, such as their porosity [96]. Fraser et al. syn
thesized polyvinyl alcohol hydrogels incorporating varying 
concentrations of sodium alginate (SA) and CNCs via the freeze-thaw 
technique, subsequently combining them with polypyrrole (PPy)/
cellulose to yield multifunctional conductive hydrogels [41]. These 
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materials exhibit outstanding characteristics, including high toughness, 
compressive resistance, strain sensitivity, and elevated elastic modulus.

Photo-crosslinking is triggered by high-energy irradiation, such as 
ultraviolet (UV)–visible light, enabling rapid in situ hydrogel formation. 
Ruthenium-based photochemical crosslinking used blue light instead of 
UV irradiation to create covalent crosslinks in hydrogel networks [96]. 
Photo-crosslinking produces hydrogels with good tissue adhesion and 

antimicrobial properties [109].
Radiation-induced crosslinking is an environmentally friendly tech

nique for hydrogel preparation, as it does not require any catalysts or 
chemicals [110]. It is also fast and efficient, synthesizing homogeneous 
hydrogels in one step. This method can be controlled by adjusting the 
type and dose of radiation. For example, γ-ray irradiation has been 
successfully used to prepare methyl hydroxyethyl 

Fig. 4. Study on the preparation of cellulose hydrogels using physical crosslinking. (A) Diagram of preparation of cellulose hydrogels using hydrogen bond 
crosslinking [100]. (i) Method and transmission electron microscopy of carboxymethyl chitosan (CMCS) hydrogel crosslinking; (ii) The boundaries of hydrogels are 
blurred due to the recombination of imine bonds between Ox-HPC and CMCS; (iii) The proportion of drug released by hydrogels with different pH is also different. 
The Figure is reproduced with minor adaptations from Ref. Copyright © 2023 Carbohydrate polymers. published by Elsevier Ltd. (B) A multi-ionic complex hydrogel 
prepared by two oppositely charged derivatives Nanocellulose (CNF), pH 4 fully releases adriamycin. This figure is reproduced with minor modifications from 
Ref. [103], Copyright © 2018 Acta biomaterialia. published by Elsevier B.V. (C) Mechanism of the self-healing process of preparing cellulose-based hydrogels using 
hydrophobic interactions. The Figure is reproduced with minor adaptations from Ref. [107], Copyright © 2023 ACS Nano. published by American Chemical Society. 
(D) Preparation of cellulose hydrogels by Host–guest/hydrophobic interactions (i) Dynamic self-healing CAA schematic diagram and SEM images of CEC-CD, 
CEC-CD/AD-CHO and CEC-ADH; (ii) (a) Injectability of hydrogels and the Schematic illustration of dynamic cross-link formation utilizing guest-host interactions. 
The Figure is reproduced with minor adaptations from Ref. [19], Copyright © 2022 Acta Biomaterialia. published by Elsevier BV.
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cellulose/polyethylene glycol hydrogels.

2.4.2. Chemical crosslinking
The chemical crosslinking method involves guiding certain molecu

lar substances with bifunctional groups to chemically bond various 
polymers through covalent interactions, thereby constructing 3D 
network hydrogels [64]. Hydrogels synthesized via the chemical cross
linking approach typically exhibit enhanced structural integrity and 
superior swelling properties [49]. Current research methodologies 

predominantly focus on the homo-polymerization or copolymerization 
of free radicals [111]. Wang et al. [112] used liquid metal (LM) 
microdroplets for free-radical polymerization in conjunction with 
MXene, sulfonated bacterial nanocellulose (BNC), and polyacrylic acid 
(PAA) to fabricate cellulose hydrogels exhibiting excellent electrical 
conductivity. The gel’s folding behavior is attributed to its unique 
gelatinization mechanism coupled with the presence of MXene nano
sheets, which enhance detection sensitivity. In addition, this material 
demonstrates commendable interfacial adhesion capabilities that 

Fig. 5. Chemical crosslinking mechanism of cellulose based hydrogels. (A) Schematic diagram of preparation of CNC-based hydrogels by free radical poly
merization [113]. (i) Cross-linking of CNC hydrogels; (ii) Electron microscope characterization. This diagram is reproduced with minor modifications from reference, 
Copyright © 2022 Carbohydrate polymers. published by Elsevier Ltd. (B) Preparation of CNF hydrogel filled with clove essential oil emulsion. (i) Electron microscope 
images of different anterior ultrasound; (ii) Cell viability after 24 h of hydrogel incubation. This diagram is reproduced with minor modifications from Ref. [116], 
Copyright © 2019 Ultrasonics Sonochemistry. published by Elsevier B.V. (C) Schematic diagram of Schiff base reaction to prepare cellulose hydrogels. This diagram is 
reproduced with minor modifications from Ref. [117], Copyright © 2022 International journal of biological macromolecules. published by Elsevier. (D) Schematic 
diagram of preparation of cellulose hydrogels by IPNs. This diagram is reproduced with minor modifications from Ref. [122], Copyright © 2016 Carbohydrate 
polymers. published by Elsevier Ltd.
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facilitate effective bonding between disparate materials. Moreover, it 
possesses self-healing properties; upon the application of external force, 
it can rapidly revert to its original state, thus improving material utili
zation efficiency.

2.4.2.1. Free-radical polymerization. Free-radical polymerization is a 
method for generating polymer chains by adding an initiator, which 
creates a polymer reaction center that subsequently reacts with mono
mers to form new reaction centers [113] (Fig. 5A). Photo
polymerization, a subtype of free-radical polymerization, is initiated by 
irradiation with electron beams, rays, or microwaves. This process can 
be conducted at room temperature without the need for initiators or 
other chemical reagents, thereby improving the safety of the resultant 
hydrogel.

2.4.2.2. Emulsion polymerization. The emulsion polymerization tech
nique facilitates the synthesis of nanohydrogels through polymerization 
within the core of oil-in-water (O/W) droplets, using surfactants as 
stabilizing agents. Nanocellulose is recognized as an optimal emulsi
fying agent owing to its favorable wettability, low toxicity, excellent 
biocompatibility, and sustainability [114,115]. Huerta et al. [116] used 
high-intensity ultrasound to generate emulsion-filled cellulose nanofiber 
(CNF) hydrogels, with clove essential oil (0.1 %, 0.5 %, and 1.0 % by 
weight) serving as the dispersing phase. The resulting hydrogels exhibit 
commendable cytocompatibility and hold promise as alternative scaf
folds for tissue engineering applications (Fig. 5B).

2.4.2.3. Schiff base reaction. Schiff bases are a class of organic com
pounds containing imine or azomethine groups that typically form 
through the condensation of an amine and a reactive carbonyl group. 
Yin et al. [117] used Schiff base reaction to construct self-healing 
hydrogels, which have excellent swelling and mechanical properties 
(Fig. 5C). Owing to their pharmacological and physiological activities, 
Schiff bases have become a prominent area of research. Kang et al. [48] 
developed a composite hydrogel primarily composed of oxidized 
hydroxyethyl cellulose and allyl copolymers, in which the oxidized 
hydroxyethyl cellulose molecular chains served as biomolecular tem
plates for the formation of Schiff bases, boronic acid radicals and 
hydrogen bonds, resulting in unique mechanical properties. These 
hydrogels demonstrated good pH responsiveness and non-cytotoxicity in 
vitro.

2.4.3. IPNs
Another approach to preparing cellulose hydrogels involves creating 

an IPN. IPN technology represents a distinctive polymer blend or poly
mer alloy network achieved through the interpenetration and entan
glement of two or more polymers via physical or chemical interactions 
[118]. The IPN architecture facilitates a stable amalgamation of poly
mers exhibiting markedly different properties and functions, thereby 
enabling functional complementarity among the components. Charac
terized by features such as cellular structure, biphasic continuity, and 
interfacial penetration, IPNs exhibit unique synergistic effects in terms 
of functionality and performance. The following sections discuss these 
crosslinking mechanisms with some examples of relevant applications. 
IPNs represent a specialized class of composite polymer materials, 
typically formed by the interconnection of two or more cross-linked 
networks through topological entanglement or various physical in
teractions, including ionic bonds, hydrogen bonds, van der Waals forces, 
and hydrophobic interactions [119]. Compared with physical or chem
ical cross-linked hydrogels, hydrogels prepared by the IPN method have 
superior mechanical strength and flexibility, which makes them have a 
great development space. These interactions effectively prevent the gel 
from undergoing physical separation without disrupting the chemical 
bonds within it. The mutual cross-osmosis and mechanical entanglement 
among multiple polymers promote forced miscibility and synergistic 

effects that enhance salt tolerance. Unlike traditional single-network 
hydrogels, IPN hydrogels amalgamate the benefits of both physical 
and chemical hydrogels, significantly improving their mechanical 
strength and salt resistance, while broadening their applicability [120]. 
Toledo et al. [121] synthesized full IPN hydrogels composed of CMC and 
cross-linked polyacrylic acid (cPAA) by blending CMC solution with 
cPAA at varying mass ratios followed by crosslinking CMC chains using 
citric acid. This straightforward approach circumvents the necessity for 
toxic crosslinkers; consequently, CMC:cPAA hydrogels demonstrate 
enhanced mechanical properties (141±3 kPa) and swelling character
istics (58±2 g g− 1) compared to PAA. Yue et al. [122] fabricated 
core-shell structured hydrogels via an interpenetrating polymer network 
(IPN) approach by combining polyvinyl alcohol (PVA) and sodium 
alginate (SA), crosslinked with Ca2+. The incorporation of cellulose 
nanofibrils (CNF) facilitates the formation of hydrogen bonds within the 
PVA-SA matrix, thereby enhancing the density, viscoelasticity, and 
mechanical strength of the hydrogels (Fig. 5D).

2.5. Characterization of cellulose hydrogels

Key physicochemical properties of hydrogels include mechanical 
strength, swelling behavior, biocompatibility, elasticity, and release 
kinetics. The hydrogels used in drug-delivery systems must have excel
lent mechanical strength (depending on the degree of crosslinking) to 
maintain physical integrity until the drug is released and to regulate the 
release rate and duration [38].

2.5.1. Biocompatibility
Biocompatibility, which includes histocompatibility and blood 

compatibility, is a fundamental requirement for biological materials. 
Cellulose hydrogels exhibit exceptional biocompatibility, non-toxicity, 
and biodegradability, making them particularly well-suited for 
biomedical applications [64]. Hydrogels with excellent biocompatibility 
can avoid rejection by organisms and play a positive role in promoting 
cell growth, adhesion, and differentiation.

2.5.2. Adhesion
Owing to various biological fluids, such as blood, interstitial fluid, 

and excretory fluid, the physiological environment on the surface of the 
tissue is humid. Therefore, biomedical hydrogels must be appropriately 
designed to achieve sustained adhesion to wet surfaces and to promote 
tissue repair and regeneration. Their strong adhesion enables them to 
bind closely to tissues or organs and play a role in repair and protection 
[132].

2.5.3. Antibacterial property
Owing to their high similarity to the natural extracellular matrix and 

the ease of customization through the combination of spatial properties, 
hydrogels have been widely used as surface modifiers for various 
implantable devices, such as orthopedic implants [133], 
micro-capacitors, and biosensors. Antibacterial activity is desirable for 
all implantable materials, as it reduces the risk of implant-associated 
infections. The hydrogel coating can mitigate the foreign body reac
tion of the implantable sensor and serve as a barrier between the sensor 
and the biological environment.

2.5.4. Mechanical properties
Hydrogels with excellent mechanical properties can be used as 

artificial cartilage and skeletal muscle tissue because they can reorga
nize their structure and restore the original function after a fracture, 
thereby extending their service life [133]. The mechanical properties of 
hydrogels depend on their composition and structure, allowing for 
design and optimization according to specific needs.

2.5.5. Moisture absorption
In terms of swelling, because the polymer chain can absorb a large 
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amount of water through the hydrophilic groups (-OH, -COOH, -CONH2, 
and -SO3H), it simulates biological tissue during swelling. In the field of 
tissue engineering, proper swelling of hydrogels promotes the diffusion 
of nutrients and other molecules, further aiding cell migration through 
hydrogels [134]. In the field of wound dressing, it promotes the rapid 
absorption of wound exudate and plays the role of sealing and hemo
stasis [135]. Hydrogel swelling has three main stages: water diffusion, 
polymer chain loosening, and swelling [136]. The water content of 
cellulosic hydrogel is as high as 99.9 wt%, which can achieve significant 
swelling.

2.5.6. Drug slow-release performance
The microporous structure of hydrogels is well-suited for drug de

livery, and the slow release of drugs can be achieved using various 
mechanisms based on diffusion, swelling, chemical reactions, or other 
environmental stimuli. Among these, the diffusion mechanism of drug 
release is widely accepted. In the field of biomedicine, the long-term use 
of drugs and their instantaneous release can cause severe toxicity to the 
body. Cellulosic hydrogels, emerging as a novel class of sustained- 
release drug carriers, possess a porous 3D architecture characterized 
by tunable cross-linking density and pore size, an open pore structure, 
and a high specific surface area. These features facilitate the loading and 
release of drug molecules through the modulation of external environ
mental conditions. Consequently, they are gaining increasing promi
nence in the domain of controlled drug release [137].

3. Stimuli-responsive cellulose hydrogels

The properties of stimulus-responsive cellulose hydrogels are closely 
related to their structural design. In particular, the correlation between 
the physical/chemical cross-linking mode and the stimulus-response 
mechanism directly determines their mechanical properties, response 
speed and functional diversity. Physical crosslinking gives hydrogels 
dynamic and reversible properties, which is suitable for fast response 
scenarios, but has low mechanical strength. Chemical crosslinking im
proves mechanical properties through a stable covalent bond network, 
but may limit dynamic response. Through collaborative physical/ 
chemical crosslinking, hydrogels with high strength and multiple stim
ulus responses can be designed to extend their application range. And 
the hydrogels with different stimulus response have different properties 
(Table 2). Stimulation-responsive cellulose hydrogels respond sensi
tively to a variety of external stimuli, including pH, temperature, hu
midity, pressure, electric field, light, magnetic field, and chemicals [138,
139]. These stimuli can significantly affect the phase state, volume, 
shape, molecular polarity, reaction rate and recognition ability of 
hydrogels. For example, Ph-responsive hydrogels can be used in targeted 
drug delivery systems, whereas temperature-responsive hydrogels are 
suitable for smart switches and tissue-engineered stents [138,140]. 
These ingenious designs offer broad prospects for applications such as 
chemical sensors, memory components, artificial muscles, controlled 
release drug delivery systems, immobilized enzymes, and tissue engi
neering. By further optimizing its stimulation response performance, 
cellulose stimulus-responsive hydrogels are expected to achieve break
through applications in more high-tech fields [141,142].

3.1. pH-responsive cellulose hydrogels

pH-responsive cellulose hydrogels alter their shape and volume in 
response to changes in environmental pH, making them highly valuable 
for applications such as drug delivery and tissue engineering [100,145]. 
These hydrogels typically contain anionic (such as COO− or OPO3

2− ) or 
cationic groups (such as NH3

+, NRH2
+, or NR3

+) within their main or side 
chain structures. These groups accept or release protons depending on 
the environmental pH, which alters the concentration of internal and 
external ions. Consequently, the hydrogen bonds between the macro
molecular chain segments dissociate or associate, affecting the volume Ta
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of solubilization and thereby increasing or decreasing the ability of the 
hydrogel to bind water. Thus, the network structure and volume of the 
hydrogel change in response to pH [167].

pH-responsive cellulose hydrogels have extensive application pros
pects in bio- and chemical sensors, bioimaging, cancer diagnostics, and 
drug-release systems, such as for in vitro-activated anticancer drugs 
[168]. Wang et al. [169] developed a pH-responsive biobased cellulose 
hydrogel from CNFs, SA, urea, iron 1,3,5-benzene tricarboxylic acid, and 
calcium chloride. This hydrogel exhibited a high water uptake of 101 

g/g at pH 11 (Fig. 6A(i-ii)) Wang et al. [170] prepared an antimicrobial 
INP hydrogel from polyacrylic-acid-grafted quaternized cellulose and 
PVA. The hydrogel demonstrated excellent mechanical properties and 
self-healing behavior. In addition, it was resistant to microbial degra
dation, thereby prolonging its service life in natural environments.

3.2. Thermo-responsive cellulose hydrogels

Thermo-responsive cellulose hydrogels adjust their swelling rate and 

Fig. 6. Study on PH and temperature responsive cellulose based hydrogels. (A) A Ph-sensitive hydrogel was prepared with cellulosic hydrogel and MIL-100 (Fe) 
for stable release of urea: (i) Hydrogel preparation diagram; (ii) Release curves of urea in pH3 and 11 hydrogels. This diagram is reproduced with minor modifi
cations from Ref. [169], Copyright © 2021 International journal of biological macromolecules. published by Elsevier. (B) Application of temperature-responsive 
collagen-nanocellulose hydrogels to intestinal organoids: (i) Schematic diagram of hydrogel formation; (ii) Rheological characterization of hydrogels. (iii) 
Expression of E-cadherin and Olfm4 in cells treated with water gel. This diagram is reproduced with minor modifications from Ref. [179], Copyright © 2021 
Materials science & engineering C, Materials for biological applications. published by Elsevier B.V.
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volume in response to external temperature changes [171,172]. Their 
molecular structures typically contain a balance of hydrophilic and 
hydrophobic groups, whose hydrophilicity and hydrogen bonding are 
affected by temperature [173]. There are three main types of 
thermo-responsive cellulose hydrogels: low-temperature-soluble, 

high-temperature-soluble, and regenerative hydrogels [174]. 
Low-temperature-soluble hydrogels have a lower critical solution tem
perature (LCST) [175]; they exist as low-viscosity fluids below the LCST 
and swell to form a gel above it. In contrast, high-temperature-soluble 
cellulose hydrogels have an upper critical solution temperature 

Fig. 7. Application of Humidity- and Pressure-Responsive Cellulose Hydrogels. (A) Research and Application of Humidity-Based Pressure-Conductive CNF 
Hydrogels: (i) Schematic Construction of CNF Hydrogel and Scanning Electron Microscopy Characterization; (ii) Mechanism Diagram of LED Lamp Brightness in 
Hydrogel at Various Temperatures and Humidity Levels. This figure is reproduced with minor modifications from Ref. [151], Copyright © 2022 ACS applied ma
terials & interfaces. published by American Chemical Society. (B) Preparation of Flexible Capacitive Pressure Sensors, which is based on the cellulose hydrogel 
system.(i) The lignin-cellulose hydrogel (SPLCH) is synthesized using the solvent exchange technique.(ii) When conducting tests in the low-pressure region, starting 
from a fixed pressure, the pressure value is gradually increased in a multiplicative manner during consecutive loading and unloading cycles.(iii) In the low-pressure 
region, different pressure values are continuously applied to obtain more comprehensive data for analyzing its performance.(iv) For tests in the high-pressure region, 
with fixed test conditions maintained, the pressure is continuously increased in a multiplicative manner during consecutive loading and unloading cycles, and the 
pressure is applied continuously. (v) In the high-pressure region, different pressure values are applied continuously to further study the performance of the sensor 
under high-pressure and variable-pressure conditions. (vi) The bending test is carried out to evaluate its flexibility and structural stability. (vii) The 
response-recovery time test is performed to assess the response speed and recovery ability of the sensor. This figure is reproduced with minor modifications from 
Ref. [183], Copyright © 2025 International journal of biological macromolecules. published by Elsevier.
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(UCST); these hydrogels are solid below the UCST and low-viscosity 
fluids above it [176].

Low-temperature-soluble cellulose hydrogels have achieved break
throughs in the biomedical and chemical industries [177]. Their appli
cations include tissue engineering, cell culture, drug release, 
fluorescence imaging, chromatography, industrial water treatment, 
catalytic synthesis, and smart textiles. Chen et al. [178] prepared a 
multifunctional CMC/polyacrylamide hydrogel that could respond to 
temperature and detect body movements and physiological conditions. 
Some studies have shown that collagen nanocellulose can be used as 
intestinal heat-sensitive hydrogel, which provides a new research 
strategy for organoids [179] (Fig. 6B(i-ii)).

3.3. Humidity-responsive cellulose hydrogels

Cellulose and its derivatives readily absorb moisture owing to in
teractions between their hydrophilic hydroxyl groups [180] and envi
ronmental water. This water-absorption behavior, along with structural 
changes induced by variations in hygroscopic gradients [181], facilitates 
humidity-responsiveness. In low-humidity environments, humidity 
sensors require homogeneous single materials to achieve effective 
moisture absorption [150]. Conversely, when environmental humidity 
fluctuates, hydrogels with asymmetric compositions or structures 
generate differential hygroscopic volume expansions, thereby facili
tating moisture-driven responses [150].

Humidity-responsive cellulose hydrogels are extremely sensitive to 
changes in ambient humidity. In terms of flexible humidity sensor, it can 
monitor the environmental humidity in real time and accurately, and is 
widely used in weather monitoring, smart home and other fields. In the 
research and development of artificial muscle, the hydrogel can simulate 
muscle movement, providing a new material choice for the development 
of biomedical and robotics technology; In biomedical applications, such 
as wound dressings, it can automatically adjust the moisture content 
according to the moisture condition of the wound, helping to promote 
wound healing, showing unique application advantages. Yu et al. [151] 
developed a highly ionically conductive organic hydrogel enhanced by 
CNFs, which demonstrated excellent anti-freezing and anti-dehydration 
properties (Fig. 7A(i)) In this system, multiple hydrogen bonds formed 
between water molecules and binary polar solvents, as well as between 
polymer chains. This enabled the creation of a retractable humidity 
sensor. The results will help advance the field of stretchable and 
high-performance humidity-sensing technologies (Fig. 7A(ii)).

3.4. Pressure-responsive cellulose hydrogels

Pressure-responsive cellulose hydrogels adjust their volumes in 
response to applied pressure [153,182]. Chen et al. [153] developed a 
conductive hydrogel and proposed the concept of rough surface to detect 
cerebral hemorrhage, heartbeat, respiration and pulse in patients. This 
ability to enhance flexible pressure sensors offers novel perspectives and 
potential.

Wang et al. [183] developed a capacitive pressure sensor with a 
solvent-exchanged porous lignin-cellulose hydrogel (SPLCH) as the 
dielectric layer. The detection range and sensitivity of the sensor were 
adjusted by regulating the ratio of alkaline lignin (AL) to sodium 
lignosulfonate (SL). The compression modulus of SPLCH ranged from 
310 to 320 kPa. The capacitive pressure sensor prepared in this way 
exhibited a sensitivity of 5.18 kPa− 1 and 2.87 kPa− 1, a wide detection 
range (0–185.22 kPa), a short response and recovery time (25–50 ms), a 
low detection limit (1.875 Pa), and good loading stability (20,000 cy
cles). Ultimately, it was applied to detect scenarios such as respiration, 
swallowing, human motion signals, speech recognition, pedometers, 
and Morse code information transmission (Fig. 7B(i-iv)). Typically, 
these hydrogels swell under elevated water pressures and contract under 
reduced water pressures. In addition, studies have shown that the phase 
transition temperature of these materials is influenced by pressure 

changes [184]. Effectively, this means they respond to temperature. 
Consequently, pressure-responsive hydrogels can be used in 
drug-delivery systems similar to thermo-responsive hydrogels [152].

Research on the controlled-release behavior of pressure-responsive 
hydrogels is limited [185]. However, they may parallel the extracel
lular matrix surrounding biological tissues such as bone, muscle, and 
blood vessels, which exist in dynamic pressure environments. In these 
settings, the extracellular matrix functions as a reservoir for various 
growth factors [182]. Mechanical stimulation via pressure releases these 
growth factors into surrounding cells, thereby modulating various 
physiological processes.

Dang et al. [186] developed a self-healing and biocompatible 
pressure-responsive cellulose hydrogel using a one-pot method 
involving the free-radical polymerization of CMC, acrylamide, and 
acrylic acid. The resultant hydrogel exhibited pronounced and rapid 
responses to pressure, in addition to excellent mechanical properties and 
deformation resistance. Thus, it holds significant potential for use in 
physiological monitoring.

3.5. Electro-responsive cellulose hydrogels

Electro-responsive hydrogels typically consist of polyelectrolytes 
that shrink or swell in response to an electric field [187]. This behavior 
arises from the ion concentration gradient between the inside and 
outside of the hydrogel when subjected to an electric field, leading to 
variations in osmotic pressure and, consequently, changes in volume. 
Most electro-responsive cellulose hydrogels contain chemically bonded 
ionizing groups, which are crucial to their electro-responsive behavior 
[188].

Electro-responsive cellulose hydrogels contract or expand under the 
action of an electric field. Based on this characteristic, in the develop
ment of artificial skin, it can simulate the electrical and mechanical 
properties of skin, and realize the tactile sensing and self-healing func
tions [189]. In the field of soft robots and bionic prosthetics, as a core 
material, it can enable robots and prosthetics to respond quickly and 
accurately to external electrical signals, significantly improving their 
flexibility and functionality. Cellulose can yield electro-responsive 
hydrogels through chemical or physical crosslinking, copolymeriza
tion, or blending [190]. Yue et al. [191] used an efficient and straight
forward free-radical polymerization method to synthesize self-healing 
hydrogels from modified CNCs, reduced graphene oxide, and acrylate 
monomers (Fig. 8A(i)) After cutting the hydrogel and allowing it to 
self-heal at 25 ◦C, its original mechanical properties and electrical 
conductivity were restored within 12 s. Even after five cutting and 
self-healing cycles, the cutting growth rate only decreased from 95.0 % 
to 94.3 %. This electrically conductive hydrogel with room temperature 
self-healing leverages the advantages of supramolecular chemistry and 
polymer nanoscience, making it suitable for applications in artificial 
skin, soft robotics, bionic prosthetics, and energy storage devices 
(Fig. 8A(ii)).

3.6. Photo-responsive cellulose hydrogels

Photo-responsive cellulose hydrogels undergo rapid chemical or 
physical transformations in response to light, including UV, visible, and 
infrared (IR) wavelengths [192,193]. Typically, this response is revers
ible; that is, when the light source is removed, the hydrogel reverts to its 
initial state. Although research on photosensitive hydrogels is still in the 
preliminary stage compared to that on other stimuli-responsive hydro
gels, they have significant application potential owing to their safety, 
cleanliness, and ease of use based on the controllability of light sources.

Photo-responsive cellulose hydrogels undergo rapid chemical or 
physical changes under light conditions, and this change is usually 
reversible. In the field of electronic skin and smart devices, it can sense 
and respond to external stimuli in real time, effectively improving the 
intelligence level of devices; In the field of drug release, accurate drug 
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release can be achieved through precise control of illumination, and the 
accuracy of drug treatment can be improved. In terms of self-healing 
materials, the use of its photo-response characteristics can realize the 
self-healing of materials, extend the service life of materials, and show 
great application potential in many fields. Zhang et al. [194] prepared a 
multi-flow form of cellulose nano-supramolecular hydrogel (Fig. 8B(i)). 
The coordination between Fe ions and polymer chains produces an ad
hesive detachable friction nanogenerator that can acquire real-time, 
self-powered monitoring and wireless whole-body motion signals, 
opening up possibilities for diverse potential applications in electronic 
skin and smart devices (Fig. 8B(ii)). Kim et al. [195] developed a 

composite multifunctional hydrogel that grafted CMC, azobenzene, and 
β-cyclodextrin dimer to form a host–guest complex, which is photo
reactive to light at 365 nm and 450 nm, enabling the hydrogel to have 
self-healing and controlled drug-release properties.

3.7. Magnetic-responsive cellulose hydrogels

Magnetic field response Cellulose hydrogels are magnetically 
responsive by adding magnetic particles. In the drug delivery system, 
with the help of the external magnetic field, it can realize the targeted 
transportation and precise release of drugs, which greatly improves the 

Fig. 8. Construction of electro-responsive and photo-driven nanocellulose hydrogels. (A) Preparation and characterization of conductive cellulose nano
hydrogels: (i) Hydrogels were prepared by free radical polymerization of six main forms of hydrogen; (ii) Comparison of scanning electron microscopy, electrical 
conductivity and brightness during hydrogel self-healing. This figure is reproduced with minor modifications from Ref. [191], Copyright © 2021 European Polymer 
Journal. published by Elsevier Ltd. (B) Preparation and characterization of light-driven and conductive nano-cellulosic hydrogels: (i) Construction of light-driven 
nano-cellulosic/Fe3+ based dynamic hydrogels; (ii) Motion detection system construction diagram. This figure is reproduced with minor modifications from 
Ref. [194], Copyright © 2024 Nature communications. published by Springer Nature.
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therapeutic effect of drugs. In the field of biomedicine, it can be applied 
to cell separation, magnetic hyperthermia and other aspects, providing 
innovative methods and means for disease treatment and biological 
research, and has important clinical application and scientific research 
value.

Magnetic particles are incorporated into the hydrogel matrix to give 
the cellulose hydrogel a magnetic response, which exhibits expansion 
under the action of an external magnetic field, and these particles pro
duce local temperature increases within the hydrogel, resulting in vol
ume changes [196]. Three methods are commonly used to fabricate 
magnetically responsive hydrogels: coating a hydrogel matrix with 
magnetic particles; encapsulating magnetic particles within a hydrogel 
matrix; interspersing layers of hydrogel with magnetic particles.

Lin et al. [197] developed a magnetically responsive hydrogel 
drug-delivery system featuring an stimulus-responsive release mecha
nism. In this system, β-cyclodextrin was cross-linked with a cellulose 
hydrogel via epichlorohydrin to establish a network structure, which 
acted as a loading “container” for the drug. Fe3O4 nanoparticles were 
uniformly incorporated into the cellulose backbone, thereby enhancing 
the magnetic response of the hydrogel.

3.8. Chemically responsive cellulose hydrogels

Nanocellulose hydrogels, with their unique porous structures, hy
drophilicity, biocompatibility, biodegradability, and high specific sur
face areas, are well-suited for sensitive analyte detection when 
combined with other substances. Applications include healthcare [198], 
diagnostics [199], environmental monitoring [200], and food quality 
control [201]. Hai et al. [202] developed a nanocellulose hydrogel 
featuring a reversible ClO− /SCN− switch for the cultivation and release 
of multicellular cancer spheroids. The coordination crosslinking struc
ture between Eu3+ and 2,6-pyridine dicarboxylic acid in the nano
cellulose matrix was disrupted in the presence of ClO− owing to 
coordination between ClO− and Eu3+, leading to fluorescence quench
ing. Upon the introduction of SCN− , the filamentous hydrogel exhibiting 
red fluorescence was regenerated, allowing for full reversibility of the 
gel network by modulating the ClO− and SCN− concentrations [203]. 
Leveraging these response characteristics facilitated real-time moni
toring of tumor growth within the nanocellulose hydrogel, while 
enabling the controlled release of the tumor cells as needed. This 
approach holds significant potential for advancing cancer biology 
research, metastasis studies, and invasion models [204].

3.9. Multi-stimuli-responsive cellulose hydrogels

In addition to stimulus-responsive hydrogels that respond to a single 
stimulus, researchers have developed cellulose hydrogels that respond 
to two or more stimuli, including combinations such as acids and UV 
light, magnetic fields and reducing conditions, pH levels and glucose 
concentrations, pH variations and redox reactions, and even combina
tions of acids, UV light, and pH changes. This versatility allows multi- 
responsive hydrogels to meet the diverse requirements of specific ap
plications and environments. Multi-responsive cellulose hydrogels are 
typically prepared by copolymerization or polymer modification to 
create asymmetric materials or structures [205].

Multi-stimulus responsive cellulose hydrogels can respond to many 
different types of stimuli simultaneously. In the field of wearable elec
tronic devices, it can adapt to complex environmental changes and 
realize multi-functional sensing; In terms of sustainable manufacturing, 
it can be used to prepare environmentally friendly multi-functional anti- 
counterfeiting materials to promote green development; In the drug 
delivery system, it can meet the demand of drug release under complex 
environment and improve the therapeutic effect. In tissue engineering, it 
provides more refined and precise environmental regulation for tissue 
repair and regeneration, showing significant application potential in 
many frontier fields. Dang et al. [186] used a one-pot method to prepare 

a thermo-pressure-responsive conductive hydrogel, a hydrogel with 
self-healing and viscosity (Fig. 9A(i)) It exhibits different states at 
different temperatures, and has self-healing ability and excellent me
chanical ability at 80 ◦C (Fig. 9A(ii-iii)). It can promote the development 
of wearable electronic devices and sustainable manufacturing of envi
ronmental protection multi-functional anti-counterfeiting materials 
(Fig. 9A(iv)).

Bagheri et al. [206] prepared a multi-responsive hydrogel using CMC 
and polyaniline as raw materials. This biodegradable and antibacterial 
hydrogel reacted quickly to changes in voltage and environmental pH. 
Furthermore, it effectively removed toxins from wastewater and 
decomposed microorganisms in the soil, achieving a degradation rate of 
up to 91.7 %. Dang et al. constructed a temperature- and 
pressure-responsive cellulose hydrogel for use in anti-counterfeiting 
materials and flexible electronic sensors [186]. Yuan et al. constructed 
a temperature and CO2 stimulus-responsive cellulose-based hydrogel as 
a drug delivery system for DOX [207]. Wang et al. [208] prepared 
CNC-based pressure, temperature and electro-responsive hydrogels 
through a one-pot method, which provides multiple development pos
sibilities for the sensing function of wearable electronic devices (Fig. 9B 
(i)). The change of resistance of gel in water at different temperature. 
Hydrogels are highly stretchable, pressure-responsive and electrically 
conductive under pressure (Fig. 9B(ii-iii)). This work proposes a strategy 
for manufacturing conductive hydrogels with excellent properties, 
enabling their multifunctional sensing applications in wearable elec
tronic devices (Fig. 9B(iv)).

4. Utilization of cellulose stimulus-responsive hydrogels

4.1. Applications for tissue engineering

When human tissue is injured, its ability to regenerate is minimal. 
Tissue engineering has become one of the most promising medical so
lutions, especially for the healing of chronic wounds. In recent years, 
nanocellulose hydrogels have been widely used in the field of tissue 
engineering owing to their unique 3D porous structure, excellent me
chanical properties, and good biocompatibility [209]. Lan et al. [210] 
constructed a meniscal hydrogel (TCNF/ALG) by combining human 
meniscal fibrochondrocytes, TEMPO-oxidized CNF, and alginate pre
cursors to construct the hydrogel, which had a comparable compression 
modulus with the collagen-based construct. When used as scaffolds, 
hydrogels can be used for biological applications such as arthroscopy, 
vascular stents, and skin grafts. Hydrogels simulate extracellular matrix 
to provide an environment for cell growth, proliferation, and differen
tiation for 3D printing [211]. 3D bioprinting is a process that uses 
biocompatible "inks" to create 3D entities of specific shapes from digital 
models [212], and a variety of natural biopolymer hydrogels (gelatin, 
cellulose, chitosan, and SA) have been widely adopted as tissue engi
neering scaffold materials. Nanocellulose materials have great potential 
for 3D bioprinting owing to their printability, shear-thinning behavior, 
and excellent biocompatibility. Abouzeid et al. [213] prepared 3D 
printed scaffolds using Ca2+ cross-linked CNF/SA hydrogel. The results 
demonstrated that compared with 100 % SA and 100 % CNF, the 
hydrogels prepared at the optimal ratio of 50 % CNF, 50 % SA, and 3 % 
calcium chloride exhibited better mechanical properties under 50 % 
compression strain. In addition, scaffolds of different shapes were 
printed based on the optimal hydrogel ratio, revealing the significant 
potential of CNFs/SA 3D printed scaffolds for bone tissue engineering 
applications.

4.1.1. Skin tissue engineering
The skin acts as a protective barrier against environmental threats 

such as mechanical damage, radiation, chemicals, bacteria, and viruses 
[214]. When the skin is damaged, changes in cellular functionality and 
the pH of the microenvironment occur. Wound dressings are a simple yet 
effective approach for managing skin injuries [206]. Notably, the advent 
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of stimulus-responsive materials has greatly enhanced skin healing, 
regeneration, and monitoring. These dressings can swell to absorb 
discharge, while maintaining moisture and pH levels over time. Con
trolling the thickness and density of the hydrogel is essential for meeting 
the requirements for wound healing [215]. Given the high incidence of 
infections, these dressings should also have antibacterial properties to 
minimize bacterial colonization. Nanocellulose hydrogels are frequently 
combined with other materials and technologies to create highly effi
cient stents and bioactive wound dressings [216]. These hydrogels are 
loaded with antibacterial components (such as Ag, ZnO, chitosan, and 
tannic acid) [88,217,218] or antibiotics [219] to achieve sterilization.

Innovative stimulus-responsive hydrogels are increasingly used in 
wound dressings with real-time monitoring capabilities. A reusable and 

wearable paper-based smart has been developed that can simulta
neously assess pH and uric acid levels at the wound site, while trans
mitting real-time data to medical personnel via radio technology [220]. 
In addition, woven cellulose lyocell fabrics coated with a thin layer of 
copper through electroless copper plating have been developed for skin 
temperature monitoring [221]. Biomimetic actuators have significant 
potential for the treatment of soft-tissue injuries.

Liu et al. [222] combined polydopamine containing tetracycline 
hydrochloride with carboxylated CNFs to form hydrogels via Ca2+

crosslinking. Under low-pH conditions or near-infrared (NIR) radiation, 
the hydrogels released tetracycline hydrochloride on demand, promot
ing skin regeneration. In another study, Huang et al. [88] prepared 
injectable hydrogels using dynamic Schiff base cross-linked 

Fig. 9. Study on multiple stimulus-responsive cellulose-based hydrogels. (A) Preparation of temperature - and pressure-responsive hydrogels using CMC, 
acrylamide and acrylic acid: (i) Schematic diagram of hydrogel preparation; (ii) Healing process of hydrogels; (iii) Changes of hydrogels at different temperatures; 
(iv) The mechanism of hydrogel temperature response and pressure response. This figure is reproduced with minor modifications from Ref. [186], Copyright © 2024 
Biosensors & bioelectronics. published by Elsevier. (B) Preparation of temperature- and CO2-responsive ethyl cellulose skeleton hydrogels: (i) Diagram of hydrogel 
synthesis; (ii) TEM images at different temperatures and CO2 durations; (iii) The DMAEMA at different concentrations is temperature-dependent. This figure is 
reproduced with minor modifications from Ref. [208], Copyright © 2016 Carbohydrate polymers. published by Elsevier Ltd.
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water-soluble CMC and dialdehyde nanocellulose crystals, which were 
effective in promoting wound healing. In another study, white light and 
NIR dual response CNF cellulose hydrogels were constructed for skin 
wound treatment [223]. Shi et al. [223] developed a white light and NIR 
dual response CNF hydrogel, which has the effect of hemostasis, anti
bacterial and promoting wound healing (Fig. 10A). Hydrogels exhibit 
different states at different temperatures (Fig. 10B). NIR and white light 
irradiation significantly promoted wound healing in mice, and had 
broad prospects in hemostasis and wound healing (Fig. 10C).

Many studies have found that bacterial nanocellulose significantly 
enhances wound healing. Chinga-Carrasco and Syverud [224] reported 
the antibacterial effects of hydrogels containing CMC fibers. In addition, 

pH-responsive cellulose hydrogels exhibit controlled drug release during 
wound treatment, further promoting the healing process.

However, despite these promising outcomes, comprehensive infor
mation on how cellulose hydrogels interact within the human body re
mains limited. This raises concerns, particularly given the increasing 
emergence of bacterial resistance to antibiotics. Therefore, continuous 
validation of the antibacterial agents in cellulose hydrogels is required 
before they can receive medical certification.

4.1.2. Bone tissue engineering
Small bone defects can induce self-regeneration and repair within 

the body; however, defects that exceed a critical size cannot cause 

Fig. 10. Construction of nanocellulose hydrogel with white light and NIR response based on CNF. (A) Schematic illustration of the construction mechanism 
for hydrogel-based systems; (B) Evaluation of hydrogel properties at varying temperatures and biocompatibility assessment in L929 cells; (C) An animal wound 
model was established and treated with the hydrogel, demonstrating significant wound healing under NIR treatment. This figure is reproduced with minor modi
fications from Ref. [223], Copyright © 2022 Carbohydrate polymers. published by Elsevier Ltd.
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spontaneous regeneration [225]. Consequently, artificial interventions 
are often required to facilitate bone healing and repair [226]. Bone 
fractures can naturally heal through a sophisticated process involving 
immune system activation, cellular migration, differentiation, and 
apoptosis. stimulus-responsive cellulose materials, including 
stimulus-responsive cellulose hydrogels, have extensive applicability for 
the repair and regeneration of bone tissue with no adverse effects [227].

Cellulose exhibits excellent mechanical, physical, and chemical 
properties, including high stability under acidic conditions, favorable 
chiral characteristics, substantial tensile strength, commendable elastic 
modulus, low density or lightweight nature, remarkable biodegrad
ability, abundant hydroxyl functional groups on its surface for potential 
chemical modification, and enhanced wettability [41]. Li et al. [228] 
demonstrated that titanium dioxide nanotubes encapsulated with sim
vastatin within a thermo-sensitive chitosan-glycerin-hydroxypropyl 
methylcellulose hydrogel represent a promising orthopedic implant 
material exhibiting significant antibacterial activity in vivo. Further
more, this hydrogel remains in a sol state at normal body temperature 
(37 ◦C), facilitating the controlled release of simvastatin and promoting 
the differentiation of MC3T3-E1 osteoblastic cells.

CNFs have also been integrated into polyurethane matrices within 
thermoplastic elastomers to create nanocomposites with shape-memory 
properties and rapid reactivity. These materials are suitable for drug- 
delivery systems, implants, and shape-memory scaffolds. Furthermore, 
they can serve as scaffolds for the reconstruction and repair of bone 
defects [229]. The introduction of four-dimensional printing has accel
erated the precise fabrication of structures that mimic target tissues, 
facilitating cell migration and proliferation, while promoting tissue 
remodeling and vascularization.

4.1.3. Cardiac tissue
Cardiac tissue engineering is dedicated to solving the problem of 

myocardial damage repair. Stimulus-responsive cellulose hydrogels 
have become a research hotspot due to their unique advantages. It can 
simulate the microenvironment of the heart, provide support for cells, 
promote the regeneration of cardiac tissue, and has broad prospects in 
the treatment of heart diseases.

Tohidi et al. [230] prepared the collagin-hyaluronic acid composite 
hydrogel, by adding bacterial cellulose and gold nanoparticles, has the 
properties of electrical conductivity, injectability and self-healing. Ex
periments show that its elastic modulus is significantly increased, the 
electrical conductivity reaches approximately 0.09S/m, and it can pro
mote the beating of human stem cells, providing a multifunctional ma
terial platform for cardiac tissue engineering. Wang et al. [231] 
prepared the micropatterned hydrogel is composed of highly ordered 
cellulose nanocrystals and methacrylate gelatin. Experiments show that 
this hydrogel can induce the alignment of cardiomyocytes, monitor the 
cell state in real time through color changes, and obvious wavelength 
changes can be observed under drug treatment and electrical stimula
tion, providing a visualization means for cardiomyocyte research. Yeh 
et al. [232] prepared human amniotic fluid stem cell fragment using a 
thermally responsive methylcellulose hydrogel system. In animal ex
periments, the cardiac function of immunosuppressed rats transplanted 
with this segment was significantly improved, proving its important 
value in cardiac repair.

Stimulus-responsive cellulose hydrogels have shown great potential 
in cardiac tissue engineering, but still face challenges. If the mechanical 
properties of the CL-HA composite hydrogel need to be optimized to 
better match the myocardium, more in vivo and in vitro experiments are 
required to evaluate its functions. The preparation process and detection 
sensitivity of micro-pattern hydrogels need to be further improved. The 
clinical application of hAFSCs fragment fragments still needs to solve 
problems such as immune rejection. In the future, with the deepening of 
research, stimulus-responsive cellulose hydrogels are expected to bring 
more effective treatment options to cardiac tissue engineering.

4.1.4. Neural tissue
Stimulation-responsive cellulose hydrogels have demonstrated mul

tiple advantages in neural tissue engineering. Through mechanisms such 
as guiding neuron growth, promoting cell survival and differentiation, 
responding to stimuli to promote nerve regeneration, and inhibiting scar 
formation, they provide effective solutions for neural tissue repair. In the 
future, with the in-depth research on hydrogels, it is expected to further 
optimize their performance and promote the clinical application of 
neural tissue engineering. Zhang et al. [233] prepared S/OHEC/r
GO/asiaticoside liposome hydrogel. After adding rGO and applying 
electrical stimulation, it could promote the differentiation of PC12 cells. 
Moreover, asiaticoside released by the hydrogel could inhibit the growth 
of fibroblasts and the secretion of collagen, and reduce scar formation. 
These studies show that stimulus-responsive cellulose hydrogels in 
neural tissue engineering can guide the growth of neurons, promote cell 
survival and differentiation, respond to stimuli to promote nerve 
regeneration and inhibit scarring, and have great application potential.

4.1.5. Alternative approaches in tissue engineering
A new avenue of research explores the use of stimuli-responsive 

cellulose hydrogels in various tissue regeneration applications, 
including muscle, nerve, cartilage, and cardiac tissue repair. Revascu
larization is vital in the treatment of cardiovascular diseases. Tubular 
bacterial cellulose is a promising biomaterial for small-caliber vascular 
transplantation owing to its nanofiber network structure, water reten
tion ability, and plasticity [234]. However, two primary requirements 
must be met before clinical implantation for blood vessel trans
plantation: first, the hydrogel tubes must promote healthy host cell 
proliferation to enable nutrient exchange, and second, they must remain 
unobstructed to prevent thrombus formation.

In a recent study, Kong et al. [235] developed a highly anisotropic, 
robust, and conductive wood CNF/polyacrylamide hydrogel inspired by 
the multistage architecture and hierarchical organization of muscle 
tissue. This biomimetic hydrogel combines the exceptional tensile 
strength of natural wood with the flexibility and high water content of 
hydrogels, achieving excellent mechanical strength, flexibility, and ionic 
conductivity. Such multifunctional nanocellulose hydrogels are poised 
to guide the future development of tissue engineering materials.

The scaffold-based culture system facilitates the migration and 
attachment of cells within the pores of the scaffold, with cellular growth 
and division subsequently filling these spaces, resulting in 3D cultured 
cell structures [179]. This approach represents a predominant method 
for 3D cell culture today, particularly in tissue engineering and related 
disciplines. By emulating the extracellular matrix, natural hydrogel 
scaffolds offer a spatial microenvironment conducive to cell prolifera
tion, differentiation, migration, and interaction, establishing them as 
promising materials for scaffolding applications [236].

Notably, cell viability, metabolic activity, and key cellular marker 
expression levels were maintained throughout this process. The stiffness 
of the collagen/nanocellulose hydrogels played a critical role in orga
noid formation and development. CNC hydrogels offer an economical, 
thermo-responsive, and sustainable matrix for organoid growth.

Li et al. [237] reported a reactive oxygen species-responsive PVA/
cellulose hydrogel system that could deliver basic fibroblast growth 
factors directly to the myocardial infarction target site. This cellulose 
stimulus-responsive hydrogel system shows promise for myocardial 
regeneration owing to its enhanced angiogenic potential and ability to 
restore cardiac function.

4.2. Applications in drug delivery

Cellulose hydrogels are extensively used in drug-delivery systems 
because of their unique ability to expand, influencing their shape, sta
bility, and volume [238]. The 3D cross-linked networks of cellulose 
hydrogels allow them to incorporate various stimuli-responsive groups 
and structures, along with abundant water [239]. These properties 
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endow cellulose hydrogels with environmental responsiveness, ionic 
conductivity, stretchability, softness, and biocompatibility, which are 
crucial for drug delivery and release systems. Various 
stimulus-responsive cellulose hydrogels have been used as 
stimuli-responsive carriers for anti-inflammatory, antibacterial, and 
anticancer drugs.

4.2.1. For oral administration
Given the significant variation in pH levels within the human 

digestive tract, oral formulations are the predominant dosage forms used 
in hydrogel pharmaceutical preparations. Hydrogels can affect changes 
in gastrointestinal pH owing to their intentional swelling capacity, thus 
promoting slow or controlled drug release. In the acidic environment of 
the stomach, hydrogels remain in their original state without swelling, 
effectively encapsulating and protecting the drugs contained within 
them. Upon reaching the neutral conditions of the intestine, an increase 
in pH triggers hydrogel swelling and subsequent drug release, allowing 
for absorption within the intestinal lining and achieving therapeutic 
effects. Therefore, for pharmaceuticals that exhibit instability under 
acidic gastric conditions, pH-sensitive hydrogels can be strategically 

used as delivery vehicles. For instance, Nakamura et al. [240] developed 
a modified polyethylene glycol graft copolymer of methacrylic acid 
(PEG-g-PMAA) hydrogel specifically designed for oral insulin adminis
tration. Animal studies have demonstrated that following oral delivery 
via this gel formulation, insulin is absorbed through the small intestine, 
resulting in hypoglycemic outcomes. Furthermore, hydrogels can also 
serve as carriers for orally administered hydrophobic drugs; for 
example, Caldorera-Moore et al. [241] synthesized P(AA-co-MMA) 
hydrogels loaded with fluorescein, where incorporating a hydrophobic 
monomer (MMA) enhanced fluorescein’s loading capacity.

The application of stimulus-responsive hydrogels to improve the 
bioavailability of oral administration has become a research hotspot. A 
heat-sensitive hydrogel was prepared by using methylcellulose nano
emulsion, which can achieve rapid oral drug release [242]. Chen et al. 
[242] developed a thermos-responsive nanoemulsion gel based on 
methylcellulose for the preparation of oral dosage forms. When the 
temperature is high, the nano emulsion condenses, and becomes a 
flowing emulsion with the decrease of temperature, and the distribution 
is uniform. (Fig. 11A(i-ii)) Different oral dosage forms can be prepared 
using multifunctional thermal processing methods, and drugs with low 

Fig. 11. Investigation of stimulus-responsive Hydrogels for Oral and Ocular Applications. (A) Examination of Thermo responsive Methylcellulose Hydrogels 
for Oral Drug Delivery. (i) Schematic illustration of hydrogel formation mechanism; (ii) State transitions of the hydrogel at 20 ◦C and 55 ◦C; (iii) Diagram of particle 
preparation via thermal gelation method; (iv) Scanning electron microscopy (SEM) images of particles; (v) Optical micrographs of particles; (vi) Correlation between 
particle characteristics and process parameters. This figure is reproduced with minor modifications from Ref. [242], Copyright © 2021 Advanced materials (Deerfield 
Beach, Fla). published by Wiley-Blackwell. (B) Study and Application of Thermo responsive Hydroxypropyl Methylcellulose Hydrogels for Ophthalmic Medications. 
(i) Rheological profiles of hydrogels with and without cyclodextrin addition; (ii-iii) Viscosity variations of hydrogels with different compositions at varying tem
peratures; (iv) Changes in hydrogel state in water at 20 ◦C and 35 ◦C. This figure is reproduced with minor modifications from Ref. [247], Copyright © 2017 
Molecular pharmaceutics. published by American Chemical Society.
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solubility can be released quickly through rapidly degradable methyl
cellulose. (Fig. 11A(iii-vi))

4.2.2. For nasal administration
Oral drug delivery can result in suboptimal bioavailability. In such 

cases, nasal administration is a more appealing alternative to invasive 
parenteral routes [243]. Nasal administration has several advantages 
because of the extensive surface area of the nasal cavity, the rich 
vascular network in the nasal submucosa, and the high permeability and 
blood flow through the nasal epithelium, all of which contribute to rapid 
drug absorption. In addition, because the absorbed drugs enter the 
bloodstream directly, they bypass first-pass metabolism in the liver. 
Smart polymers can modulate the drug-release profiles of nasally 
administered drugs, enhance drug penetration, and protect drugs from 
mucosal enzymes.

Cellulose-hydrogels for intranasal drug delivery have been synthe
sized from various cellulose derivatives, including CMC, hydroxypropyl 
methylcellulose, methylcellulose, and ethyl cellulose [244]. These cel
lulose derivatives promote sustained drug release owing to their high 
viscosity when swollen in the nasal cavity. Furthermore, their excellent 
adhesion properties enhance intranasal absorption. Cellulose hydrogels 
have been extensively used for nasal mucosa absorption, increasing the 
potency and bioavailability of many hydrophobic drugs [186].

Among cellulose derivatives, CMC is a favored formulation for the 
nasal delivery of apomorphine, which regulates motor responses in 
Parkinson’s disease. It demonstrates sustained nasal release, signifi
cantly outperforming starch-based formulations [49]. After intranasal 
administration, insulin-loaded cellulose thermogels markedly improved 
insulin retention and absorption, reducing blood glucose levels to 
approximately 40–50 % of baseline concentrations.

4.2.3. For ocular administration
Ocular delivery is mainly used to treat local eye diseases [245]. 

However, the drops are quickly cleared from the eye owing to tear 
discharge and blinking. In addition, the eye has low corneal perme
ability as an inherent protective mechanism. This results in a short drug 
retention time and limited absorption, which often reduces therapeutic 
effectiveness, so extending the contact time of the drug with the cornea 
can significantly improve the treatment of eye diseases. To this end, the 
researchers investigated the use of viscosifiers (such as cellulose de
rivatives), bonding polymers (such as polysaccharides), and in situ gel 
systems in delivering ocular drugs at optimal concentrations.

Preparation of pH-responsive hydrogels with SA and methylcellulose 
for continuous delivery of ophthalmic drugs. The hydrogel was con
verted from solution to gel at a pH of 4.7–7.4 to achieve sustained de
livery of sparfloxacin, which delivered well in corneal penetration tests 
performed in goat eyes [246]. Another study prepared a heat-responsive 
hydrogel with α-cyclodextrin and hydroxypropyl methylcellulose, 
which showed a reversible sol-gel transition, resulting in rapid gelation 
of the ocular surface [247] and sustained absorption of diclofenac so
dium in the eye. Iohara et al. [247] developed a thermos-responsive 
hydrogel based on hydrophobic modification. Hydrogels formed by 
different proportions of cyclodextrin and hydroxypropyl methyl cellu
lose have different stress forces (Fig. 11B(i-iii)) and exhibit reversible 
transformation at 20–30 ◦C. The fluid flow of diclofenac was strong at 
room temperature and low at physiological temperature, which signif
icantly improved the eye absorption of diclofenac (Fig. 11B(iv)).

4.2.4. For digestive system administration

4.2.4.1. Stomach-specific administration. Insulin is traditionally admin
istered via subcutaneous injections; however, repeated injections over 
time can reduce patient adherence. To address this issue and enhance 
patient comfort, pH-responsive hydrogels comprising acrylic-grafted 
CMCs and polyacrylic acid were developed for oral insulin delivery 

[206]. The distinct swelling behavior of these hydrogels was 
pH-dependent, which in turn affected their enzymatic degradation. 
Specifically, enzymatic degradation was inhibited in artificial gastric 
fluid containing pepsin (pH 1.2), whereas it was accelerated in artificial 
intestinal fluid supplemented with pancreatic enzymes (pH 6.8). 
Furthermore, insulin release increased under conditions that mimicked 
the small intestine. After 2 h of artificial gastric fluid, less than 10 % of 
the encapsulated insulin was released.

A dual-response drug-delivery system was prepared from methyl
cellulose and alginate [248]. The hydrogel exhibited both pH and 
thermo-responsiveness. Drugs were easily incorporated into the mixed 
polymer solution at ambient temperature, and the system transitioned to 
a gel upon exposure to elevated temperatures within the body. This 
system relied on the thermal gelation properties of methylcellulose and 
the sensitivity of alginate to low-pH environments. Consequently, 
bovine serum albumin had a lower release rate in acidic simulated 
gastric fluid than in neutral simulated intestinal fluid.

4.2.4.2. Colon-specific administration. Intestinal immune homeostasis 
and microbiome composition are pivotal in the pathogenesis and pro
gression of inflammatory bowel disease (IBD). Treating IBD is chal
lenging because of the significant side effects and limited therapeutic 
efficacy of first-line medications. Given the high concentration of 
polysaccharide enzymes in the colon, hydrogels targeting this region are 
often designed using polysaccharides or polyesters. Drug release from 
these hydrogels is typically triggered by pH changes or enzymatic 
degradation [249].

To achieve targeted drug release, Asadi et al. [250] used Eudragit® 
FS100 and polylactic acid to design and fabricate a 3D-printed tablet 
shell filled with 100 μL of an N-acetylglucosamine-loaded methylcellu
lose hydrogel. The researchers investigated how the polymer mixing 
ratio and methylcellulose concentration affected the physical, thermal, 
and material properties of the different tablet components, with a focus 
on their influence on the in vitro drug-release kinetics. Hydrogels with 
Eudragit® FS100/polylactic acid (80/20), filled with n-acetylglucos
amine and methylcellulose, exhibited the best results in terms of print
ability, machinability, and drug-release kinetics, while maintaining 
cytocompatibility. The development of these tablets represents a sig
nificant milestone toward personalized medicine, enabling tailored de
livery of various drug doses and combinations directly to sites of 
inflammation (Fig. 12A(i-ii))

4.2.5. For transdermal administration
Cutaneous and transdermal drug delivery has become an effective 

alternative to traditional drug-delivery routes. Dermal delivery targets 
deeper skin layers, with the drug penetrating the outermost layer of the 
skin (the stratum corneum), whereas transdermal delivery facilitates 
drug transport to the dermis before entering the systemic circulation. 
These methods offer several advantages, including sustained release at a 
consistent rate, rapid cessation by simply removing the device, suit
ability for self-administration, and avoidance of first-pass hepatic 
metabolism and gastrointestinal incompatibilities [251].

Kwon et al. [252] prepared a pH-sensitive hydroxyethyl cellulose/
hyaluronic acid hydrogel to support the active compound isoquinoline 
and validated its potential for treating skin lesions associated with pH 
imbalance. Hyaluronic acid is highly compatible with skin tissues and 
contains pH-responsive functional groups, whereas hydroxyethyl cellu
lose serves as a scaffold for constructing hydrogels with varying mass 
ratios of hyaluronic acid. The hydrogels were synthesized through 
chemical crosslinking and characterized using scanning electron mi
croscopy. The swelling behavior and polymer ratios were examined at 
pH 1–13. The hydrogel with a 1:3 mass ratio of hydroxyethyl cellulose to 
hyaluronic acid exhibited optimal rheological properties and bonding 
characteristics and was subsequently used to investigate the relationship 
between pH and drug-release efficiency. The isoliquiritin release 
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efficiency exceeded 70% at pH7. This pH responsiveness also provided 
antibacterial activity against Propionibacterium acnes proliferation at 
pH7. In addition, the hydrogel demonstrated excellent skin perme
ability, primarily via hair follicles.

4.2.6. Delivery systems for cancer treatment
Chemotherapy uses various compounds to destroy cancer cells and is 

the primary treatment for cancer [253]. Although generally effective, 
chemotherapy is often associated with significant systemic toxicity, as 
the diminished bioavailability of antitumor agents and their short 
release half-life [254] necessitate high doses and frequent administra
tion to achieve therapeutic effects without inducing severe side effects 
[255].

Modifying the surface charge of cellulose has been explored for 
targeted anticancer drug-delivery systems [256]. Cellulose colloids and 

nanoparticles with opposing charges can be combined to create cellulose 
filaments and membranes that are electrically conductive and capable of 
transporting drugs and antibiotics. A characteristic feature of cancer is 
the acidification of the extracellular environment (low pH) alongside the 
alkalization of the intracellular cytoplasm (high pH), resulting in a pH 
gradient wherein cancer cells exhibit a higher pH (pH > 7.2) compared 
to normal cells (pH 7.2–7.4). Carboxyl cellulose, noted for its enhanced 
hydrophilicity and adjustable dimensional properties, shows promise for 
mimicking protein transport, thereby facilitating the entry of substances 
into cell membranes. In addition, cellulose is biocompatible with a 
tailorable structure and properties, making it suitable for 
sustained-release and targeted drug-delivery systems.

CMC-based hydrogel nanocomposites, in which the CMC nano
particles are interconnected via graphene quantum dots (GQDs), have 
been explored for cancer treatment [257]. GQDs exhibit significantly 

Fig. 12. Application of Cellulose stimulus-responsive Hydrogels in Drug Delivery. (A) 3D-Printed pH and NIR-Responsive Carboxymethyl Cellulose Hydrogels 
for Enhanced Oral Drug Delivery. (i) The process of 3D printing preparation of tablets was shown. The drug loading of N-acetylglucosamine (GlcNAc) in different 
samples remained stable without significant difference. In addition, after the in vitro release test, the structural integrity of the 3D printed tablets was maintained 
without significant deformation; (ii) The mechanical properties and physical stability of tablets under different conditions were investigated. This figure is repro
duced with minor modifications from Ref. [250], Copyright © 2023 International journal of pharmaceutics. published by Elsevier. (B) ROS-Responsive Hydrogels 
Based on Carboxymethyl Cellulose with NIR Sensitivity. (i) Preparation Schematic; (ii) Scanning Electron Microscopy and Optical Microscopy Imaging; (iii) 
Anti-Cancer Efficacy; (iv) Cell Viability Under NIR Light Irradiation; (v) Photothermal Effect Verified by Live Cell Staining. This figure is reproduced with minor 
modifications from Ref. [258], Copyright © 2024 International journal of pharmaceutics. published by Elsevier.
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lower cytotoxicity than other inorganic quantum dots and do not release 
toxic metal ions upon degradation. The resulting nanocomposite 
hydrogels demonstrated enhanced swelling capacities, improved 
degradation kinetics, and reduced toxicity toward blood cancer cells 
(K562). Moreover, they exhibited pH-responsive drug release. The 
incorporation and controlled release of DOX was examined as a model 
chemotherapeutic agent. The integration of GQDs into the CMC mem
brane imparted pH sensitivity to the system, thereby extending the DOX 
release duration. Cytotoxicity assays with K562 cells indicated that the 
DOX/CMC/GQD nanocomposite hydrogel could be a long-acting and 
highly effective anticancer therapeutic agent.

Ali et al. [258] developed a novel NIR-responsive hydrogel using a 
labile thioaldehyde crosslinker of reactive oxygen species (Fig. 12B(i)). 
The crosslinker featured a terminal tetrazine group and underwent a 
Diels–Alder click reaction with norbornene-modified CMCs. The reac
tion was biologically orthogonal and exhibited inverse electron demand 
characteristics. Hydrogels formed rapidly under physiological condi
tions, generating nitrogen gas as a byproduct, which resulted in porous 
structures within the hydrogel network (Fig. 12B(ii)). Indocyanine green 
and DOX were encapsulated within this porous hydrogel matrix. 

Following NIR irradiation, the hydrogel demonstrated spatiotemporal 
release of the encapsulated DOX (>96 %) owing to reactive oxygen 
species-mediated cleavage of the thioketone bonds formed by in
teractions with indocyanine green; conversely, minimal release (<25 %) 
occurred in the absence of NIR light. In vitro cytotoxicity assays showed 
that the hydrogel exhibited high cytocompatibility with no toxic effects 
on HEK-293 cells (Fig. 12B(iii-iv)). Hydrogels containing both DOX and 
indocyanine green significantly enhanced chemotherapy efficacy and 
effectively inhibited HeLa cancer cell proliferation upon exposure to NIR 
light (Fig. 12B(v)).

4.3. Applications in disease diagnostics

Compared to traditional paper-based tests, hydrogel-based diag
nostic methods remain largely unexplored despite offering several ad
vantages [259]. Modulating the pH and ionic strength can substantially 
enhance enzyme activity and extend the reactivity duration of hydro
gels. To optimize interactions among the analyzed molecules or ele
ments, fiber networks within hydrogels may be functionalized with 
proteins and other biomolecules [149].

Fig. 13. Application of cellulose hydrogels in disease diagnosis. (A) Schematic illustration of the preparation process for hydrogels based on carboxymethyl 
cellulose, amylopectin, and polyacrylamide [261]. (B) In vitro characterization of hydrogels: (i) Fourier Transform Infrared Spectroscopy (FTIR); (ii) X-ray 
Photoelectron Spectroscopy (XPS); (iii) X-ray Diffraction (XRD); (iv) Scanning Electron Microscopy (SEM) [261]. (C) Relative current changes in hydrogels at 
varying temperatures: (i) Current changes during cutting-healing cycles; (ii) Current changes during bending-healing cycles at 90◦; (iii) Continuous healing-induced 
current changes over three cycles; (iv- vi) Hydrogel attachment to balloon surfaces at room temperature and − 20 ◦C [261]. (D) In vivo and in vitro relative current 
changes in hydrogels at different temperatures: (i) LED brightness at room temperature; (ii) LED brightness under ice pack conditions; (iii- iv) Relative current 
changes at temperature ranges of 5–30 ◦C, 30–50 ◦C, and 20–100 ◦C; (v-ix) simulating scenarios such as cooking, heating, breathing, and exhaling. This figure is 
reproduced with minor modifications from Ref. [261], Copyright © 2023 Carbohydrate polymers. published by Elsevier Ltd.
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Conductive hydrogels have garnered significant interest in disease 
diagnostics [260]. Bian et al. [149] incorporated carboxyl CNFs to 
achieve a uniform distribution of opaque conductive poly(3, 
4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) within 
cross-linked polyacrylamide matrices. This resulted in stretchable and 
transparent conductive IPN hydrogels designed for high-performance 
multi-sensor systems. Conductive hydrogels have excellent water 
response behavior over a wide humidity range (0–85 % relative hu
midity) owing to the formation of hydrogen bonds between water 
molecules and hydrophilic groups. These hydrogels also exhibited 
outstanding strain-sensing capabilities, with high sensitivity, rapid 
response times, and reliable stability and reproducibility across a broad 
range of elongations (0–83.7 %). Notably, the conductive hydrogels 
could detect and differentiate between complex human activities from 
physiological signals. The incorporation of carboxyl CNFs and PEDOT: 
PSS effectively improved humidity sensitivity, and the resultant 
hydrogels demonstrated considerable potential for noncontact sensing 
applications related to human respiration and finger movements.

Zhao et al. [261] developed a hydrogel with an INP structure 
composed of amylopectin, CMC, and polyacrylamide using a “cooking” 
method (Fig. 13A). The hydrogel, prepared by adding tannic acid, ex
hibits good elongation at break (90 %), low-temperature resistance, 
self-quenching ability, self-repair, and good adhesion (Fig. 13B). 
Hydrogel-based sensor devices effectively monitor human movement 
and subtle changes in expression, enabling real-time monitoring under 
challenging conditions. The sensors maintain accuracy even after 
repeated cutting and healing cycles, exposure to low temperatures, and 
prolonged use (up to one month). Furthermore, the gel can detect 
temperature variations across a broad operational range, with a sensi
tivity of up to 33 %⋅◦C− 1, making it highly promising for 
temperature-monitoring applications (Fig. 13C). Notably, the hydrogel 
sensor shows potential for use in food processing, disease diagnosis, and 
medical treatment by rapidly assessing cooking processes and respira
tory rates. This work introduces new possibilities for the design and 
fabrication of sugar-based gels with multifunctional properties and ap
plications in electronic devices (Fig. 13D).

4.4. Status and challenges of in vivo research and clinical translation

Cellulose based stimulus-responsive hydrogels face many key chal
lenges in the process of advancing in vivo research and clinical con
version. Although cellulosic materials themselves have good 
histocompatibility, they may induce the body’s immune response after 
chemical modification or compounding with other components, which 
poses a potential risk to the safety of their clinical applications. Sec
ondly, the long-term stability and degradation kinetics of the material 
need to be systematically studied to ensure that its durable properties in 
vivo do not lead to adverse reactions, whereas the biocompatibility of its 
degradation products also needs to be fully evaluated. In terms of 
industrialization, the existing laboratory preparation process is difficult 
to meet the needs of large-scale production, especially in ensuring the 
consistency of material properties and reducing production costs, there 
are significant bottlenecks. In addition, as a novel biomaterial, cellulosic 
hydrogels must pass a rigorous regulatory approval process, including a 
thorough evaluation of their biosafety, functional effectiveness, and 
quality control systems to meet the relevant standards for medical de
vices and drug delivery systems. The solution of these challenges re
quires multidisciplinary collaborative innovation, combining the 
advantages of materials science, biomedical and engineering technol
ogy, through systematic preclinical research and rigorous clinical trials, 
and ultimately achieving the leap from basic research to clinical 
application.

5. Challenges and conclusion

Cellulose-based stimulus-responsive hydrogels, characterized by 

their abundant hydroxyl groups, facile chemical modification proper
ties, and the tunability and dynamic reversibility of physically cross- 
linked networks, have demonstrated broad application prospects in 
fields such as biomedicine and environmental engineering. However, 
practical applications currently face numerous challenges. The stimulus 
response mechanisms are relatively simplistic: Existing mechanisms are 
predominantly basic, particularly in terms of responsiveness to biolog
ical signals, which requires further exploration. Most research focuses 
on responses to common physical and chemical stimuli, while studies on 
the recognition and response to complex biological signals remain 
limited, thereby restricting precise regulation within organisms. Insuf
ficient response speed and sensitivity: Current hydrogels exhibit rela
tively low response speeds and sensitivities, making it challenging to 
meet the demands for real-time monitoring and precise control. In sce
narios such as disease diagnosis and drug release, the inability to rapidly 
and accurately respond to environmental changes has affected thera
peutic efficacy and diagnostic accuracy. Research-to-production 
disconnect: Although heat-sensitive cellulose hydrogels have entered 
industrial production, most research remains at the laboratory scale. 
During the transition from laboratory to large-scale production, issues 
such as prolonged response times and insufficient precision hinder 
product quality consistency. Additionally, high production costs impede 
widespread application. The efficiency of functional modifications 
needs improvement: Functional modification efficiency must be 
enhanced, necessitating the development of more efficient surface 
modification technologies to expand functional and environmental 
response capabilities. Existing methods are often complex and ineffi
cient, limiting hydrogel applications across various fields.

To address these challenges, future research could focus on the 
following directions. Developing multi-stimulus responsive and intelli
gent applications: Efforts should be directed toward developing cellu
lose hydrogels capable of responding to multiple stimuli (e.g., 
temperature-pH dual-response systems) and integrating artificial intel
ligence technology for intelligent applications, such as constructing 
smart drug delivery systems and environmental monitoring sensors to 
meet requirements in complex environments. Optimizing performance 
and expanding response ranges: By refining gel network structures and 
incorporating conductive materials, the response speed and sensitivity 
of hydrogels can be improved. Simultaneously, novel functional modi
fication methods should be explored to broaden environmental response 
capabilities and enable functionality under a wider range of conditions. 
Promoting practical applications and industrialization: Addressing is
sues of prolonged response times and low precision will facilitate ap
plications in bionic materials and soft robotics. Green and sustainable 
preparation processes should be developed to reduce costs, promoting 
large-scale applications and bridging the gap between laboratory 
research and actual production. Exploring biomedical potential: Further 
investigation into the potential of cellulose hydrogels in biomedical 
fields such as tissue engineering, drug delivery, wound repair, and dis
ease diagnosis is warranted. New biomedical materials should be 
developed to provide effective solutions to clinical challenges.

Cellulose hydrogels possess significant commercial potential; how
ever, successful commercialization requires passing stringent regulatory 
approvals and meeting the requirements of institutions such as the FDA 
and EMA. This involves comprehensive biocompatibility testing, mate
rial characterization, preclinical and clinical trials, and adherence to 
GMP-compliant manufacturing processes to establish a robust founda
tion for commercialization. Future research should prioritize regulatory 
compliance, manufacturing process optimization, and marketing strat
egy formulation to accelerate clinical and commercial applications.

In summary, while significant progress has been made in cellulose- 
based stimulus-responsive hydrogel research, many challenges persist. 
Through multifunctional integration, intelligent design, enhancement of 
response performance, and promotion of practical applications, break
throughs in biomedicine and environmental engineering are antici
pated. This article reviews the preparation and characterization of 
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cellulose and its derivative hydrogels, classifies intelligent stimulus- 
responsive cellulose hydrogels, and evaluates their applications in tis
sue engineering, drug delivery, wound dressings, and disease diagnosis, 
providing a basis for subsequent research on cellulose-based stimulus- 
responsive hydrogels.
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Accelerated weathering testing (AWT) and bacterial biodegradation effects on 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/Rapeseed microfiber 
biocomposites properties, Polymers 16 (5) (2024), https://doi.org/10.3390/ 
polym16050622.

[52] R.P. Swatloski, S.K. Spear, J.D. Holbrey, R.D. Rogers, Dissolution of cellulose 
[correction of cellose] with ionic liquids, J. Am. Chem. Soc. 124 (18) (2002) 
4974–4975, https://doi.org/10.1021/ja025790m.

[53] J. Cai, L. Zhang, Rapid dissolution of cellulose in LiOH/urea and NaOH/urea 
aqueous solutions, Macromol. Biosci. 5 (6) (2005) 539–548, https://doi.org/ 
10.1002/mabi.200400222.

[54] Y. Long, M. Dimde, J.M. Adler, R.M. Vidal, T.L. Povolotsky, P. Nickl, K. Achazi, 
J. Trimpert, B.B. Kaufer, R. Haag, C. Nie, Sulfated cellulose nanofiber hydrogel 
with mucus-like activities for virus inhibition, ACS Appl. Mater. Interfaces 16 (49) 
(2024) 67504–67513, https://doi.org/10.1021/acsami.4c17998.

[55] Y. Liu, Y. Wu, X. Zhou, Y. Mo, Y. Zheng, G. Yuan, M. Yang, All-Cellulose-based 
flexible Zinc-Ion battery enabled by waste pomelo peel, J. Colloid Interface Sci. 
678 (Pt B) (2025) 497–505, https://doi.org/10.1016/j.jcis.2024.09.036.

[56] T. Arndt, U. Chatterjee, O. Shilkova, J. Francis, J. Lundkvist, D. Johansson, 
B. Schmuck, G. Greco, E. NordbergÅ, Y. Li, L.U. Wahlberg, M. Langton, 
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