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Abstract
Cellulose has sparked considerable interest in the advancement of biodegradable functional materials owing to its abundant 
natural sources and exceptional biocompatibility. This review offers a comprehensive review of the latest research and 
development concerning cellulose-based films, with a specific emphasis on their classification, properties, and applications. 
Specifically, this review classifies cellulose according to the various morphologies of cellulose (e.g., nanocrystals, nano-
spheres, and hollow ring cellulose) and cellulose derivatives (e.g., methyl cellulose, carboxymethyl cellulose, hydroxyethyl 
cellulose, and cellulose acetate). The subsequent section presents an analysis of cellulose-based films with improved mechani-
cal properties, antibacterial characteristics, gas regulation, and hydrophobicity. A detailed discussion of the mechanisms 
that underlie these properties is provided. Additionally, representative applications of cellulosic composites, such as food 
packaging, medical supplies, and electronic devices, are summarized. Finally, the challenges faced by cellulosic materials 
are outlined, and a novel and feasible prospect is proposed to accelerate the future development of this material.
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1  Introduction

Due to the increasing population and high energy demand, 
fossil fuels are being continuously utilized, resulting in vari-
ous environmental and climate-related problems. Among 
these issues, “white pollution” from waste plastics presents 
a significant threat to the sustainable development of human 
society, and a crucial aspect of environmental governance. 

Cellulose, as a biodegradable material, is the most abundant 
and degradable biopolymer found on earth. The polymer 
chain is formed through the repeated connection of D-glu-
cose, resulting in a highly ordered crystalline structure and 
scattered amorphous regions of nanosized linear polymers 
[1]. Subsequently, the formation of cellulose bundles, com-
prising cellulose nanofibers and microfibrils with diame-
ters ranging from 10 to 100 nm, is facilitated through the 
aggregation of multiple cellulose chains, driven by hydro-
gen bonds and van der Waals forces. Given the inherent 
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structural composition of cellulose and its abundance of 
active groups, cellulose exhibits considerable potential 
for functional modification and demonstrates promising 
mechanical properties [2, 3]. The cellulose industry has 
achieved significant advancements in the development of 
nearly a hundred types of cellulose esters and ethers, with 
notable progress in researching their production processes 
and applications. The extensive utilization of cellulose and 
its derivatives across various sectors, including biomedicine, 
architectural coatings, food, petroleum, daily chemicals, new 
energy, ceramics, textiles, printing and dyeing, paper mak-
ing, electronic components, environmental protection, liq-
uid crystal displays, marine vessels, aerospace, and national 
defense, underscores the importance of advancing cellulose-
based materials.

From the aspect of dimension and shape, cellulose can be 
subdivided into cellulose nanofiber (CNF) [4–8], spindle-
like cellulose nanocrystals (CNCs) [9–12], micro-rod micro-
crystalline cellulose (MCC) [13, 14], anisotropic cellulose 
nanowhiskers (CNW) [15], bacterial cellulose (BC) secreted 
by bacteria with a high degree of purity [16], stackable two-
dimensional nanosheets (CNS) [17, 18], cellulose nano-
spheres (s-NCs) [19], hollow annular cellulose nanocrystals 
(HTA-CNCs) etc. [20], which have been reported to show 
various benefits in cellulose used in value-added products. 
On the other hand, various functional cellulose derivatives 
were developed based on the substitution of hydroxy group 
in the cellulose chain, including semi-flexible cellulose ether 
derivative methyl cellulose (MC) [21, 22], water-soluble 
anionic surfactant carboxymethyl cellulose (CMC) [23, 
24], ethyl cellulose (EC) (which shows water resistance, 
amphiphilic, high transparency and good flexibility, elastic 
deformation) [25–27], transparent degradable hydroxyethyl 
cellulose (HEC) [28, 29], thermo-responsive hydroxypropyl 
cellulose (HPC) [30–32], hydroxypropyl methyl cellulose 
(HPMC) [33], cellulose acetate (CA) with antibacterial 
performances, and water-resistant phosphorescent cellulose 
[34–37]. Various derivatives of cellulose have been used as 
adhesives or substrates in food packaging, coating materials, 
electronic products, and medical supplies.

This review highlights the latest advancements in cel-
lulosic paper-based equipment utilized in food packaging, 
bioengineering supplies, and electrical equipment. First, 
we categorize and summarize cellulose and its derivatives 
based on functional groups and morphology. Subsequently, 
we delve into discussions regarding cellulosic paper-based 
composites showcasing enhancements in mechanical prop-
erties, antibacterial properties, gas regulation properties, 
hydrophobic properties, and other functionalities. The con-
ventional applications of cellulosic paper-based composites 
across diverse domains, such as disposable plastic products, 
disposable tableware, food packaging and freshness-mainte-
nance films, wound dressings, health-monitoring electronic 

devices, metal and oxide ion batteries, supercapacitors, and 
nanogenerators, are also extensively discussed (Fig. 1). 
Additionally, this review highlights the future challenges 
and prospects of value-added products based on cellulose 
and its derivatives.

2 � Classification of Cellulose

2.1 � Morphological Structure of Cellulose

Based on morphologies, cellulose can be divided into MCC 
[13], CNF [38], CNW [39], and CNS [40]. MCC is a non-
fibrous, highly flowable porous crystalline particle with 
the size of micrometers, which can be extracted from plant 
cellulose after hydrolysis treatment. The polymer chains of 
microcrystalline cellulose (MCC) are densely packed in the 
crystalline region, whereas chemical and enzymatic interac-
tions typically occur in the amorphous regions. CNF, a cel-
lulosic material, is derived through mechanical processing of 
cellulosic suspensions, typically featuring a diameter ranging 
from 20 to 50 nm and a length spanning 500–2000 nm. On 
the other hand, CNW is produced through selective hydro-
lytic or oxidative degradation of the amorphous regions of 
cellulose using acids, enzymes, or oxidants, while preserv-
ing its crystalline regions. CNS showcases highly crystalline 
cellulose type II sheet-like nanostructures, characterized by 
nanometer-scale thickness and width, while extending to 
micrometer lengths.

CNC has been widely used as filler in composites in recent 
years due to its excellent physical, chemical, and ecological 
properties. CNC itself is a biomass organization, which has 
a natural affinity for composites and can form an “adap-
tive structure”, which has the effect of weakening the local 
stress at the interface. In CNC composites, when subjected to 
stress, the CNC particles may slide along the surface of the 
filler material, and the broken bonds can rejoin, forming new 
bonds. This process helps to maintain a certain level of bond-
ing strength between the matrix and the filler material, even in 
the presence of damage. Under stress, the CNC particles can 
slide along the surface of the filler material, and the broken 
bonds can reform into new ones. This process helps to main-
tain the bonding strength between the matrix and the filler 
material, thus reducing the degree of damage to the compos-
ite material. The incorporation of various forms of cellulose 
materials into the matrix allows for adjustment of mechanical 
properties, biodegradability, and loading of therapeutic agents 
within the composites. Consequently, composites containing 
different forms of CNC are extensively utilized across diverse 
fields including packaging, engineering plastics, 3D printing, 
biomedical engineering, and beyond.

CNCs are novel mechanically enhanced nanoparticles 
with Young’s modulus in the range of 100–130 GPa [41], 
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offering the advantages of low density (1.5–1.6 g/cm3) [42], 
high strength (7500 MPa) [43]. Yang et al. applied a supe-
rhydrophilic CNC coating onto the surface, controlling its 
density using a composite intermediate adhesive layer. This 
innovative approach yielded a coating with universal and 
outstanding anti-fouling performance, effectively inhibit-
ing oil adhesion, protein adsorption, and cell adhesion [12]. 
CNCs coatings adhere to the substrate and maintain struc-
tural integrity even when severely damaged. This provides 
a viable reinforcement method for dense, rigid materials.

In addition to the above commercially available cellulose 
morphologies, researchers have developed a wider variety of 
cellulose morphologies for different application scenarios. 
Patel et al. obtained rod-shaped CNCs and s-NCs through 
the treatment of acid hydrolysis and alizarin red staining 
thermal hydrolysis [44]. The average length of CNCs is 
140 nm, while the diameter of s-NCs was 43 nm. Compared 
with ordinary sulfuric acid hydrolysis, SO4

2− group, hydro-
gen sulfate ion (HSO4

−), and hydrogen peroxide (H2O2) in 
APS thermal hydrolysis process are more active, which can 
penetrate deeper into the amorphous region inside the cel-
lulose and accelerate the oxidation of hydroxy groups on 

the cellulose chain. The acidic environment caused by the 
hydrogen ions (H+) will damage the 1,4-β glycosidic bond, 
leading to the depolymerization of cellulose and decreas-
ing of cellulose nanospheres. CNCs with a hollow structure 
exhibit a superior specific surface area compared to the com-
mon cellulosic materials with rod-like and spherical struc-
tures. Consequently, CNCs with hollow structures present 
more opportunities for unique applications, serving as deliv-
ery carriers capable of loading a higher quantity of nano-
particles, drugs, and dyes. Xu et al. produced HTA-CNCs 
through ultrasonic treatment [20]. Throughout the process-
ing, ultrasonic energy is encapsulated within minute yet pro-
truding liquid bubbles, generating an ultrasonic field. Upon 
bubble collapse, a high-speed micro-jet with potent energy 
is produced, effectively disrupting the structural integrity 
of the cellulose chain. With prolonged treatment time, both 
inter- and intra-molecular hydrogen bonds progressively 
break down, resulting in a gradual decrease in the width of 
CNCs. Nanocellulose structures with larger specific surface 
areas exhibit promising potential for drug transport applica-
tions, and their distinctive loading properties are anticipated 

Fig. 1   The introduction of 
recent advances in applications 
for functional cellulose-based 
films
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to find broader utility in other realms of substance delivery 
as well.

2.2 � Classification of Cellulose Derivatives

Cellulose is a polysaccharide comprised of cyclic d-glu-
copyranose units interconnected through a β-1,4-glycosidic 
bond, leading to alternating 180° rotations of the cellulose 
chain axes. The linear chain structure of cellulose comprises 
three reactive hydroxy groups, or OH groups, per anhydro-
glucose unit. This arrangement of –OH groups along its lin-
ear chain endows cellulose with a high degree of reactivity, 
facilitating easy esterification or etherification with chemical 
reagents. This has spurred the development of various cel-
lulose derivatives, broadly classified into three categories: 
cellulose ethers, cellulose esters, and cellulose ether esters 
[45]. In addition to the chemical diversity offered by the -OH 
groups, the unique molecular structure of cellulose bestows 
upon it other properties, including chirality, hydrophilicity, 
and degradability.

Wang et al. reported a water-soluble cellulose nanocrys-
tal@methylcellulose (CNC@MC) film-based bandage sen-
sor. The cellulose nanocrystal was derived from recycled 
waste paper through the treatment of dissociation, hydroly-
sis, and dialysis (Fig. 2a) [21]. The presence of a broad fiber 
size distribution in pure CNC film leads to a propensity for 
agglomeration during film formation (Fig. 2b). Combined 
with the exceptional film-forming properties of MC, the 
CNC/MC composite film exhibits satisfactory flexibility and 
transparency, with the needle-shaped CNC evenly dispersed 
within the MC matrix (Fig. 2c). The results indicate that the 
water-soluble MC with good film-forming properties can 
stably disperse CNC in water.

As a typical cellulose ether derivative, CMC is an anionic 
hydrophilic polysaccharide. The negatively charged CMC 
aqueous solution can interact with multivalent cations and 
possess strong thickening and water retention ability. Com-
pounding CMC with BC synthesized by microorganisms, 
Wu et al. prepared a novel BC-CMC film with both posi-
tive and negative charge to realize the conversion of osmotic 
energy by in-situ fermentation (Fig. 2d) [23]. Due to the 
presence of hydrogen bonds and electrostatic force, CMC 
macromolecules can adhere firmly to BC progenitor fibers, 
which is conducive to adjusting the size of the nanochannel 
in the film from the nanoscale to the microscale (Fig. 2e). In 
the BC-CMC film, a porous micro-structure is evident, with 
the pore size increasing with higher CMC content (Fig. 2f). 
The peak of FTIR spectrum for BC-CMC at 1731 cm−1 can 
be attributed to the conversion from hydroxy group to the 
carboxyl group [46], indicating the negative effect of the 
added CMC on the formation of hydrogen bonds between 
BC fibrils (Fig. 2g) [47].

HEC cellulose is a water-soluble, non-ionic cellulose 
derivative with three hydroxy groups on each benzene ring 
and rich in electron-donating groups. Compared to MC, 
HEC exhibited superior water retention, capacity, excel-
lent flow regulation performance and abundant electron 
donor groups, which can be produced by the reaction of 
cellulose with ethylene oxide (C2H4O) under alkaline con-
ditions (Fig. 2h). Dai et al. designed an omnidirectional 
wind energy harvester (OWEH) based on HEC thin films 
for wind vector sensing and environmental energy acquisi-
tion [28]. The visible light transmittance of the transparent 
HEC film is 91%, higher than that of ordinary cellulose film 
(Fig. 2i). The flexible HEC film can not only endure large 
folding and bending but also can fit on the surface of leaves 
with irregular lines (Fig. 2j). The high-performance HEC 
film enhances output efficiency by amplifying vibration 
frequency in OWEH. With an arithmetic mean roughness 
of approximately 23.34 nm, the film strengthens the bond 
between the cellulose base and friction material, resulting 
in further enhancement of the output capacity of electronic 
instruments (Fig. 2k). The –OH group of HEC appears nar-
rower compared to cellulose, while the peaks corresponding 
to C–H and C–O–C bonding in HEC are more pronounced 
than those of the original cellulose (Fig. 2l), suggesting the 
partial conversion of hydroxy groups in HEC to hydroxy-
ethyl. The environmentally friendly and biodegradable 
HEC film demonstrates excellent light transmittance and 
flexibility, rendering it promising for applications in self-
powered sensing and monitoring within intelligent agricul-
tural inspection systems.

Wang et al. combined CA with perovskite quantum dots 
(CsPbX3) through electrospinning and ink-jet printing to 
realize photoluminescence color radiative cooling (PCRC), 
which achieves sub-ambient full-color radiative cooling 
(Fig. 2m) [35]. When sunlight is irradiated, the photolu-
minescent colorant on the top layer of PCRC absorbs pho-
tons and converts them to emit mid-infrared wavelengths. 
The sunlight projected to the bottom layer can be reversely 
emitted by the CA nanocellulose film, thus achieving heat 
radiation and cooling effect (Fig. 2n). Abundant hydroxy 
group in CA can form O–Pb bond with perovskite CsPbX3 
quantum dots, which further increases the stability of the lat-
ter (Fig. 2o). Through the electrospinning process, randomly 
stacked nanofiber CA films are created at the bottom layer, 
forming a disordered structure that effectively scatters sun-
light, as depicted in Fig. 2p. In addition, CsPbX3 quantum 
dots are uniformly distributed on CA films through ink-jet 
technology without obvious agglomeration, indicating that 
the randomly packed CA can effectively facilitate the dis-
persion of quantum dots and improve its quantum efficiency 
(Fig. 2q). CA can maximize the sunlight reflection of photo-
luminescent colorants, thereby minimizing the solar thermal 
effect in radiation cooling.
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Cellulose derivatives are formed by substituting the 
hydroxy groups of cellulose with various groups such 
as methyl, carboxymethyl, ethyl, hydroxyethyl, cyanoe-
thyl, hydroxypropyl, and others under specific conditions. 
The degree of substitution of cellulose derivatives varies 
depending on the number of substitution positions. Alter-
ing the terminal groups of cellulose enhances its proper-
ties, making it suitable for diverse applications in different 
scenarios (Table 1). The mechanical strength values of 

various cellulose derivatives exhibit significant variation. 
Cellulose films with low tensile strength are suitable for 
use in flexible devices, conforming to different shapes of 
substrates. Cellulose films with slightly higher mechani-
cal strength can serve as substitutes for plastic products. 
Most cellulose derivatives can be dissolved in low-toxicity 
organic solvents, and some of them can be solved with 
water.

Fig. 2   a Preparation process of CNC@MC film, b high magnification 
SEM image of coarse fiber of wasted paper, c TEM image of CNC@
MC; reproduced with permission from ref. [21], Copyright 2022, 
Elsevier. d Preparation of BC-CMC film, e schematic diagram of the 
nanochannels modified by CMC, f cross-sectional SEM images of 
BC-CMC5 (left) and BC-CMC25 (right), g FTIR spectra of the native 
BC, BC-CMC, and BC-HACC films; reproduced with permission 
from ref. [23], Copyright 2021, Elsevier. h Synthesis route of HEC, 
i optical images and transmittance of HEC film and cellulose film, j 

flexibility of HEC film and its dissolution in deionized water spray, 
k Raman spectra of the HEC film, and l FTIR spectra of HEC film 
and cellulose film; reproduced with permission from ref. [28], Copy-
right 2022, Elsevier. m Schematic of the electrostatic-spinning setup 
for producing CA nanofibers film, n the radiation cooling principle of 
PCRC, o FTIR spectra of CA/CsPbX3, and p, q SEM images of CA/
CsPbX3 fibers; reproduced with permission from ref. [35], Copyright 
2022, Elsevier
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3 � Properties of Cellulose‑Based Materials

3.1 � Mechanical Property

Industries generate a substantial volume of plastic waste, 
and the breakdown of microplastics from it poses a serious 
threat to human health as they can be absorbed and accu-
mulate in the body. Consequently, ongoing research on the 
development and utilization of biodegradable materials as 
substitutes for plastic has garnered widespread attention 
and sparked intense debate [58–60]. Yang et al. fabricated 
an edible BC-based straw through biosynthesis and rolling 
layer-by-layer structure, and the obtained sample showed 
excellent wet and dry mechanical strength [61]. The BC 
hydrogel can be obtained through the acetobacter xylosus 
enzymatically hydrolyzed carbon sources (such as glu-
cose), and then the edible straw was prepared after rolling 
up and drying (Fig. 3a). Its unique 3D nanonetwork struc-
ture imbues it with high strength. To address the lack of 
hydrophilicity and adhesion of BC, a thin layer of sodium 
alginate (SA) was introduced onto the surface of the BC 
film. Calcium lactate was utilized as a cross-linking agent 
to mitigate mechanical and adhesion issues (Fig. 3b, c). The 
tensile strength of BC/SA straws is (420.5 ± 31.3) MPa, 
which is much higher than that of commercial paper straws 
(with a tensile strength of (40.8 ± 5.5) MPa). The modulus 

of BC-related products is higher than that of paper straws, 
indicating that BC straws possess high rigidity and are not 
easily deformed (Fig. 3d). The wet tensile strength of the 
BC/SA straw reaches 110 MPa, while the wet stress–strain 
curve of the paper straw indicates that it has become a 
flexible material (Fig. 3e). The bending strength of BC-
based straw is three times greater than paper straw, up to 
(35.3 ± 3.9) MPa, which is expected to meet the require-
ments of practical applications (Fig. 3f). Furthermore, after 
being coated with SA, numerous fibers in BC establish a 
stable structure with SA. SA can form a cross-linked net-
work with cellulose through hydrogen bonding, facilitating 
stress dispersion and enhancing the mechanical strength of 
BC/SA composite films (Fig. 3g). As a high-performance 
edible material, BC meets the standards of material safety 
and sustainable development, holding significant potential 
for replacing disposable plastics.

In response to the demands of modern manufacturing 
fields, such as food processing, pharmaceutical manufactur-
ing, aerospace, and electronic applications, there is a wide-
spread pursuit of lightweight and strong structural materials. 
Many materials with excellent mechanical properties have 
been developed from petroleum products, but most of them 
necessitate high-cost manufacturing processes. Bamboo is 
an excellent biomimetic structural material with lightweight 
and strong properties [62, 63]. Li et al. reported a top–down 

Table 1   Published information on the properties and related applications of cellulose derivative materials

EC ethyl cellulose, CEC cyanoethyl cellulose, HPMC hydroxypropyl methyl cellulose, CAB cellulose acetate butyrate

Cellulose 
derivative

Tensile strength (MPa) Solubility Biodegradability Application Ref.

MC 50 Water Natural environment, 1 month Triboelectric nanogenerator [21]
CMC Water Osmotic energy harvesting [23]
CMC 26.08 ± 6.7 Water Soil burial, 1 month Food packaging [48]
EC  ~ 38 Ethanol Bacterial degradation Edible conductor [27]
HEC  ~ 3.5 Water Wind energy harvester [28]
HEC 14.06 ± 3.0 Water 4 °C, aqueous environment,

6 days
Food packaging [49]

CEC  ~ 220 Acetone Uranium filter film [50]
CEC Acetone Soil burial,

19 days
Flexible transistor [51]

HPC 0.56 Water Triboelectric nanogenerator [52]
HPC Water 37 °C, PBS solution, 1 month Hydrophobic mats [53]
HPMC 5.0 Water Self-powered sensor [33]
HPMC Water Soil burial,

1 month
Food packaging [54]

CA Acetic acid Radiative cooler [35]
CA 62.0 ± 3.0 Acetone Soil burial,

1 month
Biodegradable bag [55]

CAB 21.57 ± 0.8 Acetone Fiber bundle [56]
CAB 0.94 ± 0.21 Acetone 37 °C, PBS solution,

2 weeks
Scaffold for tissue engineering [57]
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strategy, including chemical delignification and air drying, 
to extract high-performance cellulosic long fibers from natu-
ral bamboo stems in large quantities (Fig. 3h) [64]. First, 
crude bamboo cellulose fibers are separated from natural 
bamboo stems, and then a long cellulose fiber structure 
that contracts and densifies is formed through the capillary 
force of water evaporation (Fig. 3i). Chemical separation 
treatment uniformly removes amorphous hemicellulose 
and lignin, allowing bamboo fibers to align orderly through 
hydrogen bonds and exhibit vivid birefringence under a 
polarized light microscope. Nevertheless, some impurities 
persist even after mechanical extraction treatment, resulting 
in dim imaging (Fig. 3j). Compared with natural bamboo 
wood, chemically treated long fibers show a stronger aver-
age tensile strength of about (1.90 ± 0.32) GPa and a higher 

Young’s modulus of about (91.3 ± 29.7) GPa, which is 7.2 
and 6.2 times higher than that of the natural bamboo mate-
rial, respectively (Fig. 3k). Furthermore, the tensile strength 
of the obtained sample is two times than those polymers-
based synthetic fibers, such as nylon 66 fiber, polybenzimi-
dazole fiber, polypropylene fiber, aromatic polyamide fiber, 
polyester, etc. (Fig. 3l). The framework of the natural bam-
boo core is an irregular structure composed of solid coarse 
fibers and hollow thin-walled cells. The chemical treatment 
effectively removes impurities while preserving long fibers, 
facilitating the exposure of hydrophilic hydroxy groups on 
the fiber surface and enhancing water absorption within the 
fibers. Subsequent air-drying evaporates the water between 
the fibers, causing the collapse of hydrogen bonding and 
capillary forces within the cellulose nanofibers, thereby 

Fig. 3   a Preparation process of BC straw, b, c the SEM image of the 
BC aerogel and BC/alginate film, d tensile strength and elastic modu-
lus of different straw materials, e wet stress–strain curves of different 
straws, f three-point bending strength of different straws, and g the 
SEM images of BC (left) and BC/SA (right) fracture cross-sections; 
Reproduced with permission from ref. [61], Copyright 2021, Wiley. 
h Preparation process of bamboo cellulose, i the structural composi-
tion of bamboo cellulose, j polarization microscope images and cor-
responding structural diagrams of chemically treated bamboo fibers 

(upper) and mechanically treated bamboo fibers (lower), k tensile 
strength and elastic modulus of different fibers, l comparison of ten-
sile strength between bamboo cellulose large fibers and synthetic fib-
ers with a photograph of bamboo fiber woven twill fabrics inset, and 
m the top–down SEM image of natural bamboo stems (upper left) 
and single bamboo fibers (upper right). The side views SEM image 
of microfibers arranged on the surface of bamboo fibers (lower); 
Reproduced with permission from ref. [64], Copyright 2021, Springer 
Nature
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completing the process of fiber densification (Fig. 3m). The 
long fibers in the prepared bamboo fibers maintain a verti-
cally arranged structure without evident detachment or leak-
age on the surface, indicating their exceptional mechanical 
properties. Substituting polymers and carbon fibers in struc-
tural composite materials with bamboo fiber holds promise 
for advancing sustainable development across various appli-
cations, including automobiles, aviation, and construction.

Single-component BC and bamboo fibers possess a rela-
tively high degree of polymerization, resulting in higher 
ultimate tensile strength and improved tenacity. This pro-
duction process, devoid of complex treatments, enables BC 
and bamboo fibers to maintain high crystallinity and strong 
inter- and intra-molecular hydrogen-bonding forces, thereby 
conferring excellent stiffness. Indeed, altering crucial param-
eters, such as strain, incubation time, and humidity during 
the generation process of these high-strength cellulose fib-
ers can significantly influence their mechanical properties 
[65, 66], so future research on high-strength cellulose should 
incorporate highly standardized experimental methodologies 
from bioengineering theory.

3.2 � Antibacterial Property

Similar to collagen, cellulose can also be effectively used 
as skin tissue adjuvant and wound care material [67], and 
due to the lack of antibacterial performances, it is neces-
sary to endow it with antibacterial performances under 
physical/chemical modification [68]. Xie et al. success-
fully modified BC and cross-linked it with chitosan (CS) 
through carboxymethylation and selective oxidation tech-
niques, resulting in the formation of dialdehyde carboxy-
methyl BC/CS (S-DCBC/CS) with antibacterial perfor-
mances and promotion for wound healing [69]. Due to 
the micro-acidity of carboxylic acid, the carboxylic group 
can also enhance the positive charge of the amino group, 
thus preventing bacteria from absorbing trace elements 
and inhibiting bacterial reproduction (Fig. 4a). The cross-
linking and permeation of chitosan led to an increase in the 
pore size of DCBC, while S-DCBC retained its 3D porous 
structure (Fig. 4b). Both CS and S-DCBC/CS showed 
excellent antibacterial activity against both Escherichia 
coli (E. coli) and Staphylococcus aureus (S. aureus), and 
the antibacterial rate was higher than 90%, and the inhibi-
tory rate of S-DCBC/CS was higher than CS (Fig. 4c, d). 
The higher number of bacteria in S-DCBC/CS compared 
to CS can be attributed to the 3D nanonetwork structure of 
the composite material and the high-water content, which 
facilitate the adhesion and survival of bacteria (Fig. 4e). 
This phenomenon is referred to as “active” antibacterial 
action. The directional adhesive antibacterial effect of 

S-DCBC/CS gel formed by self-cross-linking is compara-
ble to that of commercial antibacterial dressing.

In addition to the above “active” antibacterial action, 
there are also cellulose-based films with antibacterial 
activity which can be triggered under specific conditions. 
Liu et al. used TPEPy-modified glucose (Glc) as a carbon 
source to cultivate BC-based materials with photosensitiv-
ity and antibacterial properties (TPEPy-Glc-BC) [70]. As 
bacteria approach the surface of BC, the grafted photo-
sensitizer generates reactive oxygen species (ROS) under 
light exposure. ROS have the capability to disrupt biomol-
ecules, leading to deformation and collapse of the bacterial 
community, thereby inflicting damage on the bacteria. This 
process demonstrates the intrinsic biological killing effect 
(Fig. 4f). As the TPEPy-Glc-BC concentration increases, 
the bacterial community decreases more significantly, 
and the photosensitive TPEPy-Glc-BC also substantially 
strengthens its antibacterial capacity after light exposure 
(Fig. 4g). At the same time, cells were stained with pro-
pidium iodide (PI) and SYTO-9 to distinguish between liv-
ing and dead cells in the same region. SYTO-9 can make 
cells appear green through the living cell film, while PI 
can only enter bacteria with damaged cell films. Exposure 
to light causes an increase in the concentration of TPEPy-
Glc-BC, resulting in a significant rise in the proportion of 
red fluorescence and a noticeable weakening of green fluo-
rescence. This phenomenon signifies that sufficient ROS 
are produced by TPEPy-Glc-BC to destroy the survival of 
E. coli and S. aureus (Fig. 4h). Under conditions with or 
without light, there was no significant change in the mor-
phology of E. coli and S. aureus on the BC film (Fig. 4i). 
After being exposed to light, E. coli and S. aureus on the 
TPEPy-Glc-BC film began to collapse and deform, which 
were originally intact and smooth. All the data above 
indicate that TPEPy-Glc-BC attacks and eliminates com-
mon pathogenic bacteria under light stimulation, which 
is the application of “passive” antibacterial. Antimicro-
bial agents typically require direct contact with bacteria 
to exert their antimicrobial effect. Hence, these agents are 
usually located on the surface of antimicrobial cellulose 
composites [71, 72]. Therefore, antimicrobial cellulose 
composites need to be protected from surface contamina-
tion adhesion. The antimicrobial or bactericidal properties 
of cellulose composites in wet environments or underwater 
scenarios should also be considered.

3.3 � Gas Regulation and Detection

Packaging provides the necessary survival conditions for 
the product by adjusting the gas and water content in the 
packaging environment and prevents structural deterioration 
by inhibiting the growth of microorganisms. In addition to 
extending the shelf life of the product, packaging should 
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also possess the qualities of biocompatible, biodegradable, 
and safe for human use. Therefore, cellulose-based pack-
aging has become the research focus of modified atmos-
phere packaging. Jung et al. developed a gas barrier coating 
comprised of CNCs/curcumin/polyprotein (CNC/Cur/PPr) 
for fruit preservation via a dip coating [73]. Although the 
film appears yellow, it still retains a certain level of light 
transmittance, facilitating the observation of food spoilage 
even when applied to the surface of fruits (Fig. 5a). The 
fruits coated by the sample can maintain their appearance 
for more than 11 days both in the appearance and inte-
rior, and no enzymatic browning and decay were observed 
(Fig. 5b). Furthermore, strawberries protected by CNCs/
Cur/PPr retained more than 65% of their original weight 
after 1 week (Fig. 5c). The weight loss of the coated fruits 
was significantly lower than that of the uncoated fruits. The 
water vapor transmission rate (WVTR) of the coating is 
about 15 g·mm/(m2·day), which is lower than other common 

biopolymers used for packaging, including chitosan, poly-
lactic acid (PLA), pectin, protein isolate, and starch-based 
composites (Fig. 5d). The oxygen permeability (OP) of the 
coating measures is about 20 cm3·µm/(m2·day·kPa), which 
is also lower than commercial packaging materials (Fig. 5e). 
The exceptional water vapor transmission rate (WVTR) 
and oxygen permeability (OP) properties of the film can 
be attributed to the high crystallinity and uniformity of the 
incorporated CNCs, facilitating the formation of a denser 
and more uniform coating [74]. Reprocessing natural edible 
materials sourced from waste can extend food preservation, 
providing an alternative to costly and time-consuming wax-
based packaging, as well as avoiding the use of non-degra-
dable plastic packaging.

When food packaging relies solely on limiting water 
vapor transmission rate (WVTR) and oxygen permeability 
(OP), users can only assess food spoilage visually. How-
ever, by designing packaging materials with self-powered 

Fig. 4   a Schematic diagram of S-DCBC/CS by antimicrobial effects 
of composite, b SEM images of DCBC and S-DCBC/CS, as well 
as corresponding digital images under dry and wet conditions, c, d 
statistics of the area of live and dead bacteria on surfaces with dif-
ferent samples, e inhibition rate of the different samples; Reproduced 
with permission from ref. [69], Copyright 2022, Elsevier. f Schematic 
demonstration of the bactericidal functions of TPEPy-Glc-BC, g LB 

agar plates of BC and different concentrations of TPEPy-Glc-BC 
under light and darkness, h staining of viable and dead cells of E. 
coli and S. aureus in BC and TPEPy-Glc-BC of different concentra-
tions under light conditions, i SEM images of E. coli and S. aureus on 
BC and TPEPy-Glc-BC under light and dark conditions; Reproduced 
with permission from ref. [70], Copyright 2022, Wiley
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capabilities, users can engage in real-time monitoring 
through wireless sensors. Therefore, developing gas sen-
sors for rapid identification and accurate monitoring of tar-
get gases emerges as a crucial task in scientific research. 
Zhang et al. constructed a gas-sensitive cellulose triboelec-
tric (Ti3C2Tx-CNF) through intermittent suction filtration 
that can be used for NH3 sensing with high adsorption [75]. 
When the film is exposed to NH3, the gas molecules are 
adsorbed on the active sites on the Ti3C2Tx sheet through 
the dispersion force between ammonia molecules and the 
functional groups or defects (Fig. 5f). When NH3 enters the 
electrostatic field, it is adsorbed on the negative electrode 
frictional material, while the negative electrode collects 
electrons to complete gas sensing detection. The sensitivity 
of the electrode material is defined by the linear fitting of the 
voltage change graph, with values of 0.98, indicating that the 
TENG exhibits good linearity as an NH3 sensor (Fig. 5g). 
The gas-sensitive CNF sensor demonstrates the potential for 
wireless real-time sensing applications and exhibits long-
term stability when monitoring the concentration of ammo-
nia in spoiled food over varying durations (Fig. 5h, i).

Cellulose-based materials can also serve as gas detec-
tors to detect gas pollutants in the environment. Cho et al. 
reported fiber sensing materials (TCNF/CNT) with excellent 
mechanical and sensing properties through the wet spinning 
process [76]. The terminal hydroxy group that existed in 
TCNF is alkaline and nucleophilic, acidic gases such as NO2 
could be automatically adsorbed on the surface of TCNF fib-
ers [77]. Due to the insulating property of TCNF, even if a 
large amount of NO2 is adsorbed on the fiber, the change of 
conductivity cannot be observed [78]. In TCNF/CNT fibers, 
CNT can form a conductive path for TCNF fiber bundles 
(Fig. 5j). TCNF/CNT fibers change conductivity during the 
adsorption of NO2, thereby completing the detection of NO2. 
The combination of acidic NO2 with hydroxy groups on 
TCNF leads to the accumulation of charges and affects the 
conductivity of CNT in the material, thereby reducing the 
resistance of the sample. When the concentrations of NO2 
were at 0.125 and 0.25 ppm, a significant difference in the 
response rate of TCNF/CNT fiber was observed, showing a 
sensitivity of TCNF/CNT fiber to NO2 of 1 part per billion 
(Fig. 5k). Compared with other gas molecules such as CO2, 

Fig. 5   a Photograph of CNCs/Cur/PP, b comparison of Time-lapse 
photographs of bare and coated climacteric fruits, internal slices of 
fruits, and non-climacteric fruits, c comparison of weight loss of bare 
and coated strawberry after several days, d comparison of WVTR 
between nanocomposite films and other polymer coatings, and e 
comparison of OP between nanocomposite films and other polymer 
coatings; reproduced with permission from ref. [73], Copyright 2020, 
Wiley. f Schematic diagram of NH3 sensing mechanism, g response 
fitting curves of TENG at different NH3 concentrations, h wireless 

sensing voltage signals from exposure to different concentrations of 
NH3, and i wireless sensing voltage signals at different times of food 
spoilage; reproduced with permission from ref. [75], Copyright 2022, 
Wiley. j Sensing mechanism of the TCNF/CNT fiber, k response of 
resistance changes of TCNF/CNT (20 wt%) at Different NO2 concen-
trations, and l maximum value of resistance change rate of TCNF/
CNT (20 wt%) for different tested objects; reproduced with permis-
sion from ref. [76], Copyright 2019, American Chemical Society
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SO2, etc., TCNF/CNT (20 wt%) exhibits a significant change 
in the resistance value when exposed to NO2 (Fig. 5l), which 
can be attributed to the higher acidity of NO2 compared to 
CO2 and SO2, making it easier to bind with hydroxy groups 
on TCNF. Moreover, among the tested volatile organic com-
pounds, ethanol exhibits a significant change in resistance 
compared to other organic volatile molecules, suggesting 
the potential for diverse applications of TCNF/CNT fiber. 
TCNF/CNT fiber can be effectively employed in wearable 
sensing materials to achieve highly sensitive selectivity to 
specific gases.

Food packaging acts as an airtight seal to protect food 
from the risk of contaminating agents, such as oxygen, 
microorganisms, water vapor, and odors, thereby extending 
the shelf life of the food [79]. Higher crystallinity cellulose 
provides a compact structure and density, thus impeding free 
space for gas molecules to migrate. However, cellulose con-
tains abundant hydroxy groups on its surface, which have a 
tendency to absorb water and may facilitate the growth of 
bacterial strains in humid environments [80]. Hence, hydro-
phobicity needs to be taken into account for the applica-
tion of cellulose materials in food packaging. Additionally, 
the incorporation of antimicrobial agents and pH indicators 
should also consider their dispersion within the cellulose 
matrix.

3.4 � Hydrophobic Property

The hydrophilic and non-waterproof nature of intrinsic cel-
lulose paper significantly restricts its potential for “cellu-
lose paper-based plastic substitution”. Undoubtedly, there 
is an urgent need for the superhydrophobic modification 
of cellulosic paper-based materials and the expansion of 
their high-value-added applications [81, 82]. Wang et al. 
developed a novel hydrophilic/superhydrophobic patterned 
surface (SHS-HI) through the self-assembly of CNC and 
wax microspheres to enhance its water capture and transport 
performance [83]. In the ultra-hydrophobic Cassie-Baxter 
state, water droplets can easily roll off the surface and can 
be removed quickly due to the air cushion present on the 
rough surface (Fig. 6a). When water droplets come into 
contact with the surface downwards, they gradually deform 
(Fig. 6b). When water droplets completely detach from the 
surface, their volume remains unchanged, indicating that 
the superhydrophobic/superoleophilic surface (SHS-HI) can 
adhere to water droplets but is not easily soaked by water. 
The surface adhesion of SHS-HI is 27.6 µN, exhibiting a 
relatively uniform surface structure (Fig. 6c). As the den-
sity of CNC increases, the difference between the advanc-
ing contact angle (ACA) and receding contact angle (RCA) 
increases. This indicates that an increase in the proportion 
of CNC makes it easier for water droplets to wet the surface 
of SHS-HI (Fig. 6d). When the contact line of the droplet 

surface begins to retract from the adjacent column, the drop-
let needs to overcome the huge energy barrier of the surface 
with high-density hydrophilic region [84]. The overall sur-
face free energy of SHS-HI surface is 38.0 mJ/m2, which 
is much higher than the pure wax surface of 25.4 mJ/m2 
(Fig. 6e). This is due to the strong interaction between the 
surface and small water droplets through hydrogen bonding 
during the liquid collection process, which increases their 
surface free energy and minimizes the kinetic energy dur-
ing the water droplet nucleation process, thereby improving 
the water collection ability of the SHS-HI surface [85]. The 
dynamic contact angle and static contact angle of the SHS-
HI surface before and after dust abrasion show no signifi-
cant difference, indicating that the hydrophobic surface can 
maintain its mechanical robustness under adverse conditions 
(Fig. 6f). The structural design of superhydrophobic SHS-
HI surfaces under foggy conditions can offer an effective 
strategy for water collection systems.

Fluorocarbon compounds can pose significant harm to 
the environment, prompting a shift toward research on envi-
ronmentally friendly fluorine-free hydrophobic compounds. 
Zhao et al. developed a fluorine-free, efficient, and biode-
gradable waterproof and breathable film by heat treating 
cellulose acetate (CA) impregnated with hyperbranched 
polymers (Fig. 6g) [86]. The interconnected network and 
high porosity provide enough channels for water transport, 
making the film permeable. The waterproof ability of TCA 
comes from the hydrophobic inner surface and clear geo-
metric pores (Fig. 6h). When the dyed water droplets are 
placed on the surface of the CA film, they quickly wet and 
dye the surface in a very short time, while the water on the 
TCA film moves rapidly, indicating that TCA has excellent 
liquid repellency (Fig. 6i). The WCA of TCA showed no sig-
nificant changes after undergoing sandpaper cyclic wear and 
long-term ultrasonic washing, indicating the stability and 
durability of TCA (Fig. 6j, k). The design of fluorine-free, 
hydrophobic, and biodegradable TCA reduces the impact 
on the natural environment, while its efficient hydrophobic 
performance in complex environments also meets daily pro-
tection and use.

The expansion of superhydrophobic modification of sus-
tainable cellulose paper for functional devices is urgently 
needed. The stability of superhydrophobic cellulose materi-
als and the simplification of the preparation process remain 
hot topics in current research [87, 88]. Meanwhile, green 
biopolymers can be used in the preparation process to avoid 
the use of toxic reagents that are harmful to the environment 
and the human body.

3.5 � Other Performance

In addition to the above characteristics, cellulose has grad-
ually been developed with more characteristics due to its 
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excellent properties. As a potential thermal management 
material for energy-saving applications used in buildings, 
cellulose foam has attracted extensive attention [89, 90]. 
Hou et al. prepared plant cellulose-based foam (PCF) with 
pulp fiber, CNF, and borate, in which borate is used as both 
flame retardant and cross-linking agent to build a solid 
porous and layered structure with the fiber, while CNF can 
be used as a stabilizer to ensure good foaming ability and 
improve the stability of the foam [91]. The surface tempera-
ture of various products did not change significantly within 
30 min, and the overall temperature of the sample decreased 
from bottom to top (Fig. 7a, b). PCF serves as an excellent 
thermal insulation material, filled with numerous bubbles 
inside, which reduces the rate of temperature transfer and 
effectively isolates heat in the perpendicular direction. The 
enhanced intensity of the B–O–C bending vibration peak 
at 1430 cm−1 indicates the cross-linking of borate ester and 
the hydroxy groups of cellulose. Moreover, it indicates the 
formation of a stable covalent bond between borate and cel-
lulose (Fig. 7c).

Apart from efficient thermal insulation performance, 
cellulose-based 3D materials can also achieve rapid water 
transport capacity through hydrophilic hydroxy functional 
groups, which can be used in seawater desalination and 
wastewater treatment [89, 92]. The interface solar steam 
power generation (ISSG) provides a sustainable means to 
overcome the emergencies of freshwater shortage [93, 94]. 
Lin et al. reported a double-layer hydrogel evaporator based 
on lignocellulose hydrogel (LCG) and lignin-derived carbon 
(LC), which served as the matrix and photothermal materi-
als, respectively, for efficient solar desalination [95]. Four 
main ions (Na+, Mg2+, K+, and Ca2+) were used to evaluate 
the desalination performance of LC@LCG (Fig. 7d). The 
concentrations of various ions in the original seawater are 
initially high, but they decrease significantly after treatment 
with LC@LCG, meeting the drinking water standards set 
by the World Health Organization (Fig. 7e) [96]. Due to the 
hydrophilicity of the film and the abundance of pores, these 
pores can rapidly pump water up and continuously dilute the 
salt water on the top evaporation surface [97]. LC@LCG 

Fig. 6   a Schematic diagram of infiltration on the surface of super-
hydrophobic SHS-HI, b tensile adhesion testing procedure on SHS-
HI1.0, c the surface adhesion mapping of SHS-HI1.0, d the ACA and 
RCA of different surfaces, e surface free energy and dipolar–dipolar 
interaction force of different surfaces, and f changes in the dynamic 
contact angles and static contact angles before and after dust expo-
sure; reproduced with permission from ref. [83], Copyright 2022, 

Wiley. g Schematic diagram of waterproof breathable properties of 
TCA, h waterproof mechanism based on the Young–Laplace equa-
tion, i comparison of wetting properties of dyed water on the sloping 
surface of CA and TCA films, and j plot of WCA after each abrasion 
cycle. The inset is the WCA after the 36th cycle abrasion, k the vari-
ation of WCA with washing time; reproduced with permission from 
ref. [86], Copyright 2020, American Chemical Society
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maintains a stable average evaporation rate of 1.82 kg/(m2·h) 
with high efficiency and exhibits satisfactory salt resistance 
within 10 h without the formation of crystalline salts on 
the surface (Fig. 7f). Porous lignocellulose-based hydrogels 
hold promise for applications in water treatment due to their 
outstanding solar-driven evaporation rate, resistance to salt, 
and desalination performance.

High refractive index inorganic nanoparticles are fre-
quently incorporated into optical management electronic 
components. However, their accumulation in the environ-
ment has become a growing concern, contributing to the 
prominent issue of electronic waste. Additionally, the fiber 
network structure of cellulose itself can contribute to light 
management, serving as degradable light-scattering enhanc-
ers and potentially replacing traditional inorganic nanopar-
ticles. Yang et al. prepared cellulose microparticles (CMP) 
of different sizes, including small-width microparticles 
(CMP-S), medium-width (CMP-M), large-width (CMP-L), 
and larger width microparticles (CMP-XL) by adjusting sul-
furic acid concentration, reaction time, and temperature [98]. 
CMP and CMC are added into films that can be spatially 
arranged in disordered networks to generate high scattering 

and optical haze materials, as well as optimize scattering 
performance at a single scattering level. CMP-XL is distrib-
uted as a cutting element within the CMC matrix, thereby 
increasing the stacking density of cellulose paper (Fig. 7g). 
The top part of the cellulose paper appears blurry when it 
is away from the background board, while the bottom part 
exhibits high transparency when it is attached to the back-
ground board. The CMC is embedded in the gaps of CMP-
XL to ensure the transparency of the fiber paper, while an 
increase in micron-level cellulose content will improve the 
internal unevenness of the fiber paper, thereby increasing 
the haze. Cellulose paper maintains a transmittance of about 
90% within the visible light wavelength range and exhibits 
a high haze of over 92% (Fig. 7h). The transmission of the 
transmitted beam through the CMP-XL film at a non-normal 
angle suggests that the CMP-XL film restricts the beam after 
a certain angle deviation, providing further confirmation of 
the high haze performance of the CMP-XL film (Fig. 7i). 
Cellulose-based optical materials with biocompatibility 
and sustainable development can be used in solar electronic 
devices, ink pigments, and anti-glare materials.

Fig. 7   a IR images of the side of different foams on a heating plate 
at 70 °C, b the surface temperature curves of different foams, c FTIR 
spectra image of different foams; reproduced with permission from 
ref. [91], Copyright 2023, Royal Society of Chemistry. d LC@LCG’s 
outdoor desalination plant, e comparison of ion concentration before 
and after desalination using LC@LCG, and f long-term stability eval-
uation of LC@LCG in 3.5 wt% saline water and corresponding actual 
digital photos; reproduced with permission from ref. [95], Copyright 
2022, Wiley. g SEM image and digital image of the surface of a com-
posite film with 20% CMP-XL, h transmittance and haze spectra of 

20% CMP-XL film, and i light intensity angle distribution diagram of 
20% CMP-XL and 30% CMP-XL; reproduced with permission from 
ref. [98], Copyright 2022, American Chemical Society. j Concept 
diagram of a device structure for e-skin, k CNN’s manufacturing plan 
and form, l schematic of super-resolution and high contrast pressure 
imaging, m the working mechanism of cellulose pressure sensors in 
the past, and n the working mechanism of CNN micro-structure pres-
sure sensor; reproduced with permission from ref. [101], Copyright 
2020, Springer Nature
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Sensing devices have garnered significant attention across 
various fields, particularly in medical prostheses and intel-
ligent human–machine interactive systems. Currently, sen-
sors characterized by fast response speed, high sensitivity, 
and sophisticated data acquisition capabilities are crucial 
for the development of intelligent human–machine systems 
[99, 100]. Lee et al. reported an ultra-flexible and transpar-
ent pressure-sensitive electroluminescent skin, which can 
automatically display high-resolution images of real-time 
pressure distribution (Fig. 7j) [101]. The device consists of 
a transparent pressure-sensing film and an electrolumines-
cent film. The pressure-sensing film comprises a network 
of cellulose nanowires (CNN) and a layer of transparent Ag 
nanowires (Ag NWs), which serves as the common cath-
ode. The electroluminescent film serves as the electron 
transport layer (ETL) of a quantum dot light-emitting diode 
(QLED). Previously, cellulose pressure sensors were coated 
with conductive nanowires (Fig. 7m) [102–105]. To achieve 
ultra-thin and high sensitivity designs, dense CNN nanofib-
ers are wrapped around each tellurium poly(3,4-ethylened
ioxythiophene):poly(styrenesulfonate) (Te-PEDOT:PSS) 
nanowire, the mixed ink is solvable to ensure the uniform-
ity of the mixture (Fig. 7k). The low specific surface area of 
the exposed nanowires indicates a small initial conductive 
contact area, leading to an initially low current and high 
sensitivity. The wide working range and high linearity of 
the cellulose nanowire network (CNN) can be attributed to 
its nanostructured surface (Fig. 7n). When the top and bot-
tom films of electronic skin (e-skin) are consistent with the 
contact object, the CNN of the top film contacts the ETL and 
forms a conductivity distribution between the cathode and 
ETL, which is linearly related to the pressure distribution 
(Fig. 7l). Space signals are transmitted as analog signals 
from pressure to light intensity, and e-skin can achieve visu-
alization of pressure distribution without the need for pixel 
structures [106].

4 � Applications of Cellulose‑Based Materials

Cellulose, which has a wide range of sources, biodegra-
dability, and high-strength mechanical properties, can be 
widely used as a substitute for plastic materials such as dis-
posable straws, tableware, and cling films. Simultaneously, 
cellulose with excellent hydrophilicity, water retention, and 
non-toxic properties can also be used in medical supplies 
such as disposable wound dressings and electronic moni-
toring. Multi-functional cellulose is not only suitable for 
large-scale production of products but also possesses the 
potential to develop electrochemical energy storage materi-
als. The adjustable pore distribution and functional surface 
of cellulose can effectively inhibit the growth of dendrites 
when it is employed as a battery separator. The high porosity 

and specific surface area facilitated by a large amount of 
entangled cellulose can enhance material transport in elec-
trochemical devices.

4.1 � Food Packaging and Disposable Tableware

So far, plastics derived from petroleum-based polymers have 
been developed for more than 100 years. The plastics are 
extruded into any shape by hot melting, including building 
materials, disposable food preservation film, and tableware. 
Due to their chemical stability and biological inertness, the 
plastics could remain in the environment for hundreds of 
years, and thus threaten the environment and human health. 
Despite the rapid development of cellulose-based biodegrad-
able materials, paper-based materials encounter challenges 
related to the necessity for binders and waterproofing addi-
tives [107]. Wang et al. proposed an all-natural cellulose-
based straw based on the composite of cellulose nanofiber 
and cellulose microfiber without additional adhesive [108]. 
Large-scale acquisition of cellulose nanofibers and cellulose 
microfibers is typically obtained from bagasse and wood. 
These fibers are then mixed and filtered to form a wet film. 
Subsequently, the wet hybrid cellulose film is rolled into 
the shape of a straw. After drying, the edges of the film 
can be sealed through a large amount of hydrogen bonds 
(Fig. 8a). After degrading in the natural environment for 
120 days, the cellulose nanofiber-based straw had completely 
disappeared, and the cellulose hybrid straw was decomposed 
into fragments while no significant change was found in the 
plastic straw. Therefore, the cellulose hybrid straw can be 
used as a highly natural degradable material to replace dis-
posable plastic straws (Fig. 8b). The flexural strength and 
tensile strength of the cell hybrid straw is 6.9 ± 0.8 MPa and 
70 MPa, respectively, which is superior to other types of 
straws (Fig. 8c, d). The interaction forces between cellu-
lose in different states were simulated through classical full 
molecular dynamics. During the stretching process, the cel-
lulose chains do not break; instead, relative slipping occurs 
between cellulose fibers. In the cellulose hybrid strand, cel-
lulose nanofibers are arranged around cellulose microfibers 
in a hexagonal configuration pattern, illustrating the relative 
sliding of adjacent cellulose fibers under stress. This con-
figuration confirms the excellent mechanical properties of 
the composite cellulose (Fig. 8e). Cellulose has garnered 
widespread attention due to its unparalleled advantages, 
such as low cost, full degradability, and excellent mechanical 
properties. These attributes provide strong competitiveness 
as a substitute for plastic straws.

Paper-based food materials are promising substitutes. 
However, even when they are coated with non-degrada-
ble plastic coatings, they can still show swelling caused 
by hydration [109]. Liu et al. constructed a hydrophobic 
EC film through the addition of SiO2 [110]. Sun et al. 
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improved the hydrophobicity of cellulose paper and weak-
ened the capillarity by covalently combining rosin-based 
modifiers with a cellulose fiber network [111]. While bio-
compatible natural hydrophobic materials can be expen-
sive, they indeed improve the water resistance of cellulose 
films. Ki et al. reported a disposable biodegradable table-
ware with excellent mechanical and thermal properties, 
which is made of sargassum cellulose nanofiber (SCNF) 
[58]. After introducing Ca2+ into SCNF suspension, the 
coordination bonds and abundant hydrogen bonds between 
cellulose made the suspension form the hydrogel. The cel-
lulose hydrogels, stacked layer by layer, are subjected to 
heat and pressure to remove most of the free water, thus 
preparing sargassum cellulosic-based structural materials 
(SCNSM) (Fig. 8f). SCNSM can be molded into different 
utensils to meet the practical application needs, such as 
knives and forks (Fig. 8g). Highly biocompatible polylac-
tic acid (PLA) coating and Cur modification were made to 

endow the SCNSM tableware hydrophobicity and antibac-
terial properties. After the treatment of PLA, the WCA of 
SCNSM increased from 21° to 107°. Introducing Cur on 
a cellulose substrate, the number of bacteria in SCNSM-
Cur tableware is much smaller than that of SCNSM table-
ware, demonstrating the excellent antibacterial effect of 
SCNSM-Cur tableware (Fig. 8h). Due to the certain dis-
order degree of fiber and the presence of nanopores, the 
cellulose film can be loaded on multiple substances with 
different weight (Fig. 8i) [112].

Food corruption is one of the most important problems 
for consumers and the food industry [113]. Rotten food can 
lead to significant economic losses and pose serious health 
risks. Real-time monitoring of various food quality indica-
tors, such as pH changes, oxygen levels, temperature, etc., is 
an effective method for identifying food deterioration [114]. 
Jia et al. designed and prepared an amine-responsive cellu-
lose-based radiometric fluorescent material (ACRF), which 

Fig. 8   a Manufacturing schematic diagram of cellulose hybrid straws, 
b degradation tests on various straws, c comparison of flexural 
strength of various straws, d the tensile stress–strain curves of vari-
ous films, and e schematic diagram of simulation models for cellu-
lose nanofibers and hybrid fibers. Colored circles represent CG beads 
with different sizes; reproduced with permission from ref. [108], 
Copyright 2020, Wiley. f The preparation process of SCNSM, g Pho-
tograph of SCNSM disposable tableware, h comparison of WCA 

between SCNSM and PLA-treated SCNSM (upper). Comparison of 
antibacterial tests between SCNSM tableware and SCNSM-Cur table-
ware (lower), and i SEM image of SCNSM sample; reproduced with 
permission from ref. [58], Copyright 2022, Wiley. j Design, synthe-
sis, and mechanism of action of cellulose-based fluorescent materi-
als responsive to ratio type amines, and k Intelligent tag ACRF for 
in-situ monitoring of shrimp freshness; reproduced with permission 
from ref. [34], Copyright 2019, Springer Nature
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can detect the freshness of seafood [34]. The obtained green 
light-emitting CA-fluorescein isothiocyanate (FITC) was 
mixed with red light-emitting CA-PpIX in a certain propor-
tion to obtain a solid fluorescent material with adjustable flu-
orescence. After the film is exposed to ammonia, the protons 
of FITC are deprived, and the changes in molecular structure 
lead to the enhancement of green fluorescence. The fluores-
cent color change from red to orange, yellow or green, is 
easily discernible by any untrained observer (Fig. 8j) [115]. 
After 5 days of storage at 25 °C, the fluorescence color of 
ACRF changed to light green, while after 5 days of storage at 
−16 °C, the fluorescence color of ACRF changed to orange 
(Fig. 8k). The method for detection of the food freshness 
is simple, speedy, and accurate, making it significant for 
ensuring food safety and provides practical application for 
food enterprises.

The use of disposable tableware has brought conveni-
ence to people's lives. However, given the massive global 
consumption every year, it is imperative that we transition 
to biodegradable materials as an alternative to plastic dis-
posable tableware. Based on existing research, it is known 
that disposable cellulose tableware not only has sufficient 
mechanical strength but also has a certain degree of water 
resistance. Most of the oil repellents in plant fiber tableware 
is currently available on the market are fluorine-containing. 
Therefore, in the development process of disposable cel-
lulose tableware should be used to further improve its oleo-
phobicity using environmentally friendly materials.

4.2 � Medical Supplies

Faced with changes in society and the pursuit of a healthy 
lifestyle, people pay more attention to their health status, 
which further promotes the rapid development of medical 
equipment. Wearable devices have attracted people’s atten-
tion in various fields, especially in healthcare and related 
products [116]. Diversified and available cellulose-based 
wearable devices can be compounded with additives for 
wider applications in the medical field [117–119].

Zhao et al. prepared a multi-functional intelligent fab-
ric (M-fabric) via the combination of MXene and flexible 
cellulose fabrics and applied it to health care and biomedi-
cine [120]. The MXene is deposited on the surface of cel-
lulose fabric through the strong hydrogen bond, making it a 
composite fabric with excellent conductivity and joule heat 
function. The multi-functional flexible electronic M-fabric 
serves three major functions. MXene sheets are deposited 
on the surface of cellulose fabric without affecting the 
random overlap between fibers, thereby ensuring the per-
meability of the composite fabric. MXene combines with 
water molecules through functional groups such as –OH and 
–O, and as a result, the interlayer spacing between MXene 
sheets was changed, resulting in changes in the resistance 

of M-fabric. M-fabric monitors the health status of patients 
with respiratory illnesses through changes in moisture in the 
environment (Fig. 9a). The resistance response of MXene for 
dehydration/adsorption of water is utilized to monitor the 
resistance change caused by dehydration during the heating 
process, thereby indirectly providing feedback on the heating 
effect of joule heat. M-fabric can be applied as an external 
hot compress on various body parts to alleviate skin and 
muscle stiffness, enhance blood circulation, and alleviate 
pain. When the M-fabric is connected to the alarm circuit, it 
can also emit a high-temperature alarm, effectively prevent-
ing skin burns during the hyperthermia process (Fig. 9b). 
The third is to use the electrothermal effect of the M-fabric 
to eliminate the bacteria in the bacterially infected wound 
and enhance the effect of promoting wound repair (Fig. 9c). 
M-fabric showed the fastest wound healing and no wound 
inflammation when applied voltage due to the intrinsic 
performance of MXene for causing bacterial film rupture 
and inhibiting bacterial growth (Fig. 9d). Wounds treated 
with M-fabric under voltage did not show severe cell tis-
sue necrosis, with few inflammatory cells and large amounts 
of collagen fibers produced. The results demonstrate that 
the heating effect of M-fabric effectively eliminates bacte-
rial infection and promotes tissue regeneration and wound 
healing (Fig. 9e, f). The M-fabric, being safe and reliable, 
exhibits great potential as an integrated wearable electronic 
device for respiratory monitoring, intelligent hyperthermia, 
and wound healing.

Considering the outbreak of COVID-19 in recent years 
and the impact of particulate matter pollution, there is a 
growing demand for healthcare supplies especially wear-
able smart masks to prevent virus transmission and protect 
human health [121, 122]. However, the bulky traditional res-
piratory monitoring system limits its application in personal 
healthcare. Moreover, wearable electronic products still have 
many shortcomings in terms of power supply, permeabil-
ity, filtration performance, etc. Therefore, there is a need to 
develop a self-powered medical device that is convenient to 
use, filters particulate matter, and incorporates respiratory 
monitoring functions to ensure and monitor people's health 
[123, 124]. Fu et al. designed a self-powered air filter with 
breathable, efficient filtration of submicron particles (diam-
eter less than 1.0 μm) and respiratory monitoring capability 
[125]. In the process of respiratory monitoring, synchronous 
detection signals can be seen on the monitoring appliance 
by wireless means (Fig. 9g). A conductive metal–organic 
framework, Ni-HITP, was initially synthesized in-situ on 
CA aerogel. Subsequently, respiratory-driven triboelectric 
nanogenerators (R-TENG) were constructed by combin-
ing CA/Ni-HITP with a PVDF film. The nanofibers in the 
PVDF film are stacked in multiple layers, forming massive 
3D micro/nanopore structures, and the WCA is as high 
as 150.9° to prevent water vapor diffusion from affecting 
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the CA/Ni-HITP hydrogel layer (Fig. 9h). Based on the 
traditional physical filtration mechanism and electrostatic 
adsorption mechanism, the self-powered air filter is further 
designed (Fig. 9i) [126, 127]. In addition, R-TENG can 
adsorb and filter submicron particles when CA/Ni-HITP 
and PVDF films are used as positive and negative tribo-
electric materials, respectively. The removal efficiency of 
submicron particles of various sizes produced by burning 
mosquito coils can be further improved after charging the 
PVDF film (Fig. 9j). The lower the filter pressure drop (ΔP), 
the better the air circulation. Loading Ni-HITP on CA aero-
gel will narrow CA pores, thus increasing the air filtration 
resistance of CA/Ni-HITP (Fig. 9k). The addition of PVDF 
film in R-TENG resulted in the increase of ΔP to 86 Pa. 

However, the ΔP of the cellulose film is lower than 120 Pa 
than commercial masks, indicating that the cellulose base air 
filter is more comfortable to wear. R-TENG is endowed with 
the highest PM removal efficiency compared to other filters 
in any submicron particulate matter environment (Fig. 9l). 
Additionally, R-TENG presents the highest quality factor 
(QF) of filtration capacity for submicron particles with dif-
ferent sizes (Fig. 9m). After operating for 2 h, the content 
of submicron particles is greatly reduced, and the removal 
efficiencies of PM0.3, PM0.5, and PM1.0 are 86.0, 86.2, and 
90.5%, respectively (Fig. 9n). Electric field was induced by 
the periodic contact and separation of two substances, which 
makes the solid air filter partially charged, and the electro-
static gravitational force generated by the electrostatic field 

Fig. 9   a The humidity response mechanism and respiratory moni-
toring effect of M-fabric, b the intelligent hyperthermia mechanism 
and temperature monitoring effect of M-fabric, c M-fabric ablates 
bacteria and promotes wound healing under electrical stimulation, 
d digital photographs of the S. aureus infected wounds with differ-
ent treatments, and e immunological histological images of skin tis-
sues on rat wounds stained with H&E (left) and Masson (right) after 
3 days; reproduced with permission from ref. [120], Copyright 2020, 
American Chemical Society. f H&E staining images of visceral tis-
sue (kidney, lung, and liver) slices of rats after 12 days. g Applica-
tion scenario of the self-powered air filter for respiratory monitoring 
and removal of submicron particles, and h schematic illustration of 

the structure of R-TENG. The top right and lower right insets show 
the SEM image and the WCA of PVDF film, respectively, i capture 
mechanism of submicron particles by CA/Ni-HITP, j schematic dia-
gram of the device for removing the experiment, k comparison of 
pressure drop across various air filters, l comparison of the efficiency 
of various air filters in removing submicron particles, m comparison 
of QF for removing submicron particles through various air filters, n 
the number of submicron particles outside and inside the mask after 
wearing for 2 h, and o schematic diagram of the filtration mechanism 
of the self-powered air filter R-TENG; reproduced with permission 
from ref. [125], Copyright 2022, Elsevier
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can adsorb tiny charged particles to achieve the effect of air 
purification (Fig. 9o) [128]. The R-TENG is a self-powered 
air filter with greater potential applications in removing air 
pollutants, developing self-powered devices and monitoring 
human health.

Self-powered sensing systems, capable of harvesting inte-
grated energy and sensing various external physical stimuli, 
are regarded as pivotal devices in the next generation of 
smart technologies. This is especially significant given the 
global population growth and rapid technological advance-
ments in the twenty-first century [129]. Currently, the per-
formance evaluation of electronic devices is usually in labo-
ratory simulation environments, and there is an urgent need 
to evaluate them in real-world environments in the future to 
design strategies compatible with real-world applications. 
Equally importantly, the current manufacturing process for 
scaleable sustainable electronics is harder to commercialize 
and industrialize for use, and its mass production still needs 
to be urgently addressed.

4.3 � Electronic Devices

Environmental damage, climate change, air pollution, and 
a series of ecological objects are all due to the excessive 
combustion of traditional fossil fuels [78]. The stability of 
power storage systems can be significantly impacted by the 
indirectness of environmentally friendly renewable energy 
sources, such as wind energy, tidal energy, and solar energy, 
as well as geographical location constraints. Therefore, it 
is of great significance to manufacture low-cost and envi-
ronment-friendly high-performance energy storage device 
materials [130–132]. Nanocellulose can be decomposed into 
carbon at high temperatures or integrated into other elec-
trochemical active materials to form nitrocellulose-based 
composite materials. In electrochemical energy storage 
(EES) systems, it exhibits an extremely hydrophilic surface, 
numerous layered microporous and mesoporous composite 
structures for charge storage, and abundant absorption sites 
that enhance the absorption and transmission of electrolyte 
ions [133].

Zhang et al. assembled a bifunctional cellulose nanow-
hisker graphite (CNG) film by the CH–π interaction of gra-
phene (GN) and CNW to alleviate the severe problems of 
uncontrolled dendritic growth and complex water-induced 
corrosion of zinc metal anode in AZIBs [134]. Generally, 
Zn2+ coordinates with six water molecules octahedrally to 
form [Zn·(H2O)6]2+ with high charge density. Zinc anode 
corrosion and hydrogen evolution reaction (HER) that hap-
pened in the process can be attributed to the loss of solvent 
hindering its diffusion at the electrode interface, resulting 
in the formation of by-products Zn4SO4(OH)6·5H2O (ZHS) 
and hydrogen [135, 136]. The deposited CNG film can not 
only achieve the attraction of CNW to water molecules and 

the repulsion of GN to water molecules but also prevent 
[Zn·(H2O)6]2+ from being desolvated under the dual action, 
thus separating Zn from the electrolyte and preventing anode 
corrosion of the battery. The negative charge on the surface 
of CNG films is conducive to the formation of deionization 
impact, which can allow cations to pass through the CNG 
film layer, thereby achieving simple migration and uniform 
deposition of zinc ions. Apart from this, the CNG layer hin-
ders the water corrosion of AZIBs, making its zinc anode 
strengthen the electrochemical property (Fig. 10a). Under 
the cyclic operation of the current density at 0.25 mA·h/
cm2, a battery short circuit failure will happen on bare Zn 
battery, with the polarization voltage increases irreversibly 
from 65 mV, and the continuous operation time is less than 
250 h. In contrast, the polarization voltage of the CNG/Zn 
battery stabilizes from the initial 42–31 mV and the life 
span is up to 5500 h. The CNG/Zn battery, due to the above 
working mechanism, has greatly maintained a stable work-
ing state and extended the cycle life of the battery (Fig. 10b). 
Zn anode-loaded porous nanocellulose matrix composites 
help to maintain the stability of its structure and reduce the 
volume change. Acting as a buffer layer, the nanocellulose-
based loading layer significantly suppresses hydrogen evolu-
tion and zinc corrosion. The cellulosic matrix composite in 
the Zn cathode is used as the surface coating to protect the 
cathode from structural degradation and dissolution [137].

Supercapacitors (SC) with high power density and long 
cycle life have shown great potential in meeting the growing 
power demand [138–141]. All-solid-state supercapacitors 
(ASCs) with compactness and leak resistance usually use 
hydrogel electrolyte, which is composed of a polymer physi-
cal framework and injected electrolytic salt/acid/alkali solu-
tion [142–144]. To compensate for the mechanical weakness 
of the hydrogel matrix itself, natural or artificial fibers with 
unique structural layers are added as reinforcing agents. 
Twining ultra-fine nanofibers, ranging from 20 to 80 nm, 
form the porous network structure of the BC [145, 146]. The 
hydroxy groups in the cellulose chain are in-situ polymer-
ized through hydrogen bonds and electrostatic adsorption, 
which can easily be assembled into high-strength film mate-
rials [147–149].

Li et al. designed a high-performance ASC consisting of a 
solid-state electrode and a solid electrolyte [150]. The solid-
state electrode is composed of polyaniline (PANI) and poly-
ester fiber, as the conductive active substance and the base, 
respectively [151]. The solid electrolyte was BC nanofiber-
reinforced PAM hydrogel. BC/PAM hydrogel fibers can keep 
their integrity after knotting, indicating the allowance of 
large deformation and can protect ASC electrodes when sub-
jected to mechanical stress (Fig. 10c). A great deal of tiny 
spidery BC nanofibers were dispersed in the porous PAM 
matrix and do not change the original micro-structure of 
PAM. BC with efficient embedding capabilities can transfer 



1361Advanced Fiber Materials (2024) 6:1343–1368	

stress from the PAM chain to itself, thereby enhancing 
mechanical stress (Fig. 10d). During galvanostatic charge/
discharge (GCD), the surface capacitance of PANI/RGO/
PMFT at 1 mA/cm2 is 1221 mF/cm2, and it could be main-
tained at 1000 mF/cm2 when the current density increased to 
50 mA·cm−2, with the capacitor retention rate up to 81.9%, 
which proves the high-efficiency performance (Fig. 10e). 
Furthermore, after thousands of large bending cycles, the 
CV curve of ASC showed negligible changes and the capaci-
tance retention rate reached 97.5%, which was almost con-
stant, indicating no significant effect on the electrochemical 
performance of ASC after bending. The porous structure 
of bulk gel electrolyte can effectively relieve mechanical 
stress in different deformation processes and avoid relative 
displacement, thus avoiding the problems of large capacitor 
interface resistance and slow charge transmission (Fig. 10f). 
The integrated module of the flexible device can satisfy a 
variety of practical needs, such as decorative light-emitting 
diodes (LEDs) (Fig. 10g). The addition of nanocellulose to 
double-layer capacitor can effectively prevent the aggrega-
tion of other component materials, greatly improve the pore 

utilization in electrode materials [152–154]. Nanocellulose 
with a high aspect ratio forms a robust entanglement net-
work, enhancing the surface and mechanical properties of 
the composite electrode, thereby improving the overall elec-
trochemical performance [155].

TENG builds a self-powered system that converts 
mechanical energy, such as human movement, sound waves, 
and water currents, into electricity [156]. In 2012, Wang 
et  al. proposed a novel theory of TENG for converting 
mechanical energy based on Maxwell’s displacement cur-
rent theory, which can transform mechanical energy into 
electrical energy generated between the two relative polar 
triboelectric materials through the coupling of electrification 
and electrostatic induction [157–159]. The degradability, 
safety, and biocompatibility of cellulosic and its derivatives 
are compatible with the requirements of environmentally 
friendly biological materials, providing a prerequisite for 
the feasibility of cellulosic TENG for wearable electronic 
devices [160, 161]. Based on the principle of accumulating 
effective friction charges, Bai et al. prepared porous electro-
active and biocomposite film (CP) by physically blending 

Fig. 10   a Schematic diagram of the working mechanism of the 
CNG layer, b comparison of electrochemical performance between 
bare zinc battery and CNG/Zn battery; reproduced with permission 
from ref. [134], Copyright 2021, RSC Publishing. c Photograph of 
BC/PAM in the knotted state, d SEM image of BC/PAM, e the area 
capacitance under different current densities is calculated by constant 
current charging and discharging, and f cyclic voltammetry curves 
of the ASC after bending 0, 500, 1000, 1500, and 2000 cycles at 
50 mV/s. The illustration is a digital image of the ASC bending cycle, 

g LEDs driven by four-unit ASCs; reproduced with permission from 
ref. [150], Copyright 2021, Wiley. h SEM images of CA and CA/PEI 
quality ratio of 1:1, with CP digital photo in the inset, i the schematic 
diagram showing the equivalent circuit for charging and discharging, 
j instantaneous power density of different TENG devices at a series 
of load resistances, and k charging curves for different commercial 
capacitors using the CP-TENG with the area of about 5  cm × 5  cm; 
reproduced with permission from ref. [162], Copyright 2020, Elsevier
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CA and polyethyleneimine (PEI) and then combined it with 
flexible silicone rubber to develop high-performance TENG 
[162]. During the preparation process, the polymer chain 
was reconfigured, so that the number and size of pores of 
CP gradually decreased, forming a nested porous structure 
and producing higher optical transparency (Fig. 10h) [163, 
164]. When used as the power, the stable output can ensure 
the smooth operation of various electronic devices (Fig. 10i). 
The power density of CP-TENG increases by about 235% 
compared to that of CA-TENG under the same conditions. 
This indicates that the porous CP composite can generate 
and collect more frictional positive charges, thereby increas-
ing its electrical output (Fig. 10j). The CP-TENG accelerates 
the charging rate at the equivalent charging potential as the 
capacitance decreases during continuous charging of capaci-
tors with different capacitances, indicating that the electrical 
energy generated by CP-TENG can be effectively stored in 
the capacitor (Fig. 10k). Cellulose has low charge affinity 
and can produce a low triboelectric effect, moreover, studies 
have shown that CA has higher triboelectric effect than pol-
ytetrafluoroethylene (PTFE) [165, 166]. The performance of 
the cellulose friction layer is close to that of fluoropolymer, 
which means a higher potential to develop environmentally 
friendly TENG.

In the era of smart electronics, there is an urgent need 
for the development of advanced electronic devices that are 
environmentally friendly, lightweight, flexible, and possess 
excellent electrochemical properties. Various combinations 
of cellulose with different types of active materials with high 
wettability, high mechanical strength, and web-twisted fiber 
structure can develop electronic devices with excellent per-
formance. However, the design and control of pore structures 
in cellulose-based electronics are still limited. Reasonable 
design of pore structures with large specific surface area and 
multilevel micro- and mesoporous structures is conducive 
to increasing the contact area between the electrode and the 
electrolyte, decreasing the diffusion resistance of the elec-
trolyte ions, shortening their diffusion length, and is very 
favorable to ion transport. Hence, further research efforts 
are needed to regulate the pore structure of cellulose-based 
composite electronic devices, paving the way for advance-
ments in future work.

5 � Summarization and Prospect

Cellulose-based materials, known for their biocompatibil-
ity and degradability, have experienced rapid development 
across various domains. The green and environmentally 
conscious development approach has enabled cellulose-
based composites to serve as a multi-functional application 
strategy in numerous fundamental and emerging intelligent 

fields. This article presents the latest advancements in cellu-
lose materials, focusing on three aspects: the classification of 
cellulose materials, the properties of cellulose-based materi-
als, and their applications. Additionally, this article provides 
a comprehensive review of the classification of cellulose and 
its derivatives based on functional groups and morphology, 
including MC, CMC, HEC, and CA based on functional 
group classification, as well as CNC, s-NC, and HTA-CNC 
based on morphology classification. Furthermore, this dis-
course delved into the mechanical, antibacterial, gas regula-
tion, hydrophobic, thermal insulation, salt resistance, optical 
management, and pressure sensitivity properties of materials 
derived from cellulose. Ultimately, the potential of cellulose-
based composites in diverse fields was highlighted. Despite 
notable advancements in material synthesis and performance 
enhancement, certain obstacles remain to be overcome in 
the practical implementation of cellulose-based materials.

5.1 � Commercial Large‑Scale Preparation 
of Cellulose Materials

The production of nanocellulose or cellulose with smaller 
dimensions typically involves the dispersion of cellulose 
bundles or lengthy cellulose chains through chemical oxi-
dation, assisted by mechanical action. While certain com-
panies have managed to achieve large-scale production of 
multi-scale cellulose, the efficient and reliable large-scale 
production of high-quality cellulose with stable physical 
and chemical properties remains uncertain. In addition, the 
process of preparing cellulose consumes large amounts of 
chemicals, such as bleach, and large amounts of energy, 
such as cooling water and mechanical separation, further 
limiting its scalability. Furthermore, techniques for the pro-
duction of cellulose-based materials, such as vacuum fil-
tration, electrospinning, and freeze-drying, are associated 
with certain limitations, including prolonged processing 
times, elevated preparation expenses, and reduced efficacy, 
thereby constraining the practical implementation of such 
materials. Consequently, the development of green cellulose 
preparation strategies that are commercial, cost-effective, 
and energy-efficient on a large scale is imperative.

5.2 � Stability and Water Resistance of Cellulose 
Materials

Cellulose exhibits poor solubility in water owing to the 
presence of robust intermolecular hydrogen bonds, yet its 
hydrophilic nature is attributed to the abundance of hydroxy 
groups in the cellulose chain. The swelling and softening of 
cellulose upon exposure to water pose significant challenges 
to its utilization and advancement in various domains. Cur-
rently, enhancing the stability of cellulose materials involves 
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various approaches. These include applying a water-resistant 
coating on the surface of cellulose through post-treatment, 
incorporating waterproof additives, or chemically modifying 
cellulose to be hydrophobic during the pretreatment pro-
cess, thus improving the water resistance of cellulose-based 
composites. However, using organic solvents as the reac-
tion medium for hydrophobic treatment can incur significant 
costs and environmental harm, considering cellulose’s inher-
ent hydrophilicity. To align with the principles of green and 
sustainable cellulose utilization, it is advisable to explore the 
application of natural hydrophobic materials and conduct the 
hydrophobic modification process in an eco-friendly manner. 
To ensure alignment with sustainability and environmental 
friendliness in cellulose utilization, the adoption of natural 
hydrophobic materials and the implementation of hydropho-
bic treatment procedures under solvent-free or water-based 
conditions may represent the optimal approach to enhance 
the stability and water resistance of cellulose materials.

5.3 � Multi‑functional Cellulosic Material Integrated 
System

Presently, the bulk of cellulose-based materials research is 
centered on singular functionalities, leading to constrained 
advancements in the development of integrated multi-func-
tional applications. For instance, the flexible bionic sensor 
e-skin emulates the human skin’s capability to perceive 
external stimuli, such as temperature, humidity, and pres-
sure, while providing electrical signal feedback. However, 
with ongoing research, e-skin demands additional features, 
such as antibacterial properties, self-healing, and health 
detection. Consequently, to develop more comprehensive 
and multi-functional cellulose composites, it is imperative 
to establish a robust cellulose structural system and surface 
chemistry.

Furthermore, fundamental research is being conducted to 
investigate the impact of interface engineering on the char-
acteristics of cellulosic materials, and to furnish theoretical 
direction for the exploration and advancement of multi-func-
tional cellulosic materials. Multidisciplinary fundamental 
research on the micro-structure of cellulosic materials can 
be conducted through the utilization of big data processing 
and computer simulations. This can pave the way for novel, 
integrated, multi-functional cellulose preparation strategies 
and cellulose-based material assembly methods. Addition-
ally, it can contribute to the design of advanced and intel-
ligent cellulose-based material structures and functions. 
Furthermore, this can facilitate the expansion of integrated 
cellulose-based material systems.
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