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Abstract

Cellulose nanofiber (CNF) is renowned for its renewable nature, biocompatibility, and high bioavailability, making them a valuable resource within the food
industry. The CNF serves as effective stabilizers in emulsions and hydrogels, with their functionality significantly enhanced through modification and
functionalization processes. CNF demonstrates considerable promise in the development of intelligent food packaging and food coatings and in the
encapsulation and delivery of active ingredients. This article provides an overview of the research achievements on Web of Science since 2018 and briefly
outlines the preparation methods of CNF, including chemical, enzymatic, ionic liquid pretreatment, and mechanical treatments. Furthermore, the current
application status of CNF in the food sector is described in detail. It further identifies the technical hurdles associated with CNF utilization, addressing
concerns related to energy consumption and pollution during its production, as well as the potential toxicity that may arise during the preparation process
and subsequent food industry applications. By highlighting these challenges and concerns, the paper aims to guide future research directions for the

application of CNF in the food domain.

Citation: Liang J, Xu B, Liu P, Bai C, Lu S, et al. 2025. Cellulose nanofiber in the food industry: a review of its applications, challenges, and prospects. Food

Innovation and Advances 4(3): 352—362 https://doi.org/10.48130/fia-0025-0033

Introduction

Cellulose nanofiber (CNF), a form of nanocellulose characterized
by both amorphous and crystalline regions, possesses diameters
and lengths ranging from 10 to 100 nm. The CNF is predominantly
extracted from lignocellulosic materials such as wood or plant
sources, including cotton, flax, and hemp, through mechanical
processes that may be augmented with chemical or biological treat-
mentst'l. CNF has garnered significant interest from both academic
and industrial researchers due to its biodegradability, biocompati-
bility, thermal stability, and renewable naturel?],

In the food industry, CNF has emerged as a promising ingredient
for enhancing food quality, leveraging its renewability, biocompati-
bility, bioavailability, and other desirable properties. It is extensively
employed as a food stabilizer, dietary fiber, thickener, flavor carrier,
and in the development of edible food packaging!. Studies have
shown that the integration of CNF with other materials can confer
beneficial functionalities, such as improved mechanical properties,
antibacterial activity, and enhanced barrier characteristics“l. The
potential for CNF in food packaging is particularly noteworthy, as it
can be used to create edible packaging that mitigates oxidative
degradation and protects against physical and chemical damage
during transportation and storage due to its superior barrier proper-
ties. Moreover, CNF enables the creation of intelligent and active
packaging systems capable of monitoring food freshness!“l. With a
high surface area and potent polymerization capabilities, CNF and
its derivatives are also effective in delivery systems. Previous litera-
ture has highlighted its utility in drug delivery systems for monitor-
ing and controlling drug releasell. The application of CNF as encap-
sulating agents for targeted delivery of food functional and
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bioactive ingredients has garnered increasing attention for its supe-
rior embedding and controlled release properties.

This review provides an encapsulation of the preparation and
functionalization processes of CNF, with a focus on its applications
within the food sector. It covers the use of CNF as a food stabilizer,
food additive, in food packaging, and as an ingredient in functional
foods. Additionally, the review delineates the prospects and
research directions for CNF in these areas. Finally, it identifies key
issues and challenges that need to be addressed to facilitate the
application of CNF in the food industry, offering a comprehensive
perspective on the sustainable utilization of CNF in the future of
food science and technology.

Preparation of CNF

Wood is traditionally the predominant raw material used to
produce CNF; however, non-wood biomass, including agricultural
residues and industrial by-products, has garnered significant inter-
est due to its abundance, renewability, and lower initial cost6l. A
variety of non-wood sources, such as cotton, bamboo, corn stover,
rice straw, and bagasse, are all viable precursors to produce CNF©671,
The mechanical method is the most employed technique for CNF
production, albeit its high energy consumption remains a notable
drawback. Non-wood biomass typically possesses higher hemicellu-
lose and lower lignin content, which can enhance the efficacy of
both chemical and mechanical treatments during the production
process. Moreover, the pretreatment of cellulose in the production
of CNF can facilitate more efficient fibrillation, leading to a signifi-
cant reduction in energy requirementsl,
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Pretreatment

Current literature reports a variety of pretreatment methods
commonly employed to produce CNF, which include chemical treat-
ment, enzymatic processing, and ionic liquid pretreatment, among
others(®-111,

Chemical treatment

The following chemical pretreatment methods are frequently
cited in the literature to produce CNF and are summarized below:
alkaline-acid treatment, TEMPO-mediated oxidation, and carboxy-
methylation. The impact on cellulose varies depending on the
specific chemical reagents and treatment conditions used. These
chemical modifications can introduce electrical charges to the cellu-
lose surface while also conferring new properties to the resulting
CNFD2,

Alkaline-acid pretreatment, a widely established chemical
method in the field of chemistry, is often employed prior to the
mechanical separation of nanocellulose. This process serves to
remove hemicellulose, lignin, extracts, and waxes from the raw
material'3l. The underlying principle involves the alkaline treatment
causing fibrillation and swelling of the cellulose fibers, which in turn
increases their surface area and ductilityl'¥l. Consequently, the diam-
eter of the CNF fibers decreases, leading to an enhanced aspect ratio
and a more favorable fiber-matrix interaction due to the larger effec-
tive surface areal’),

TEMPO-mediated oxidation, initially applied to polysaccharides
such as amylodextrin, pullulan, and starch, involves the introduc-
tion of functional groups, including carboxylate and aldehyde, to
the cellulose structure. This is achieved using an oxidizing agent like
sodium hypochlorite in the presence of the TEMPO radical and
iodine or a bromide catalyst under appropriate conditions!'6l, This
technique has become the most prevalent method for CNF extrac-
tion. Following TEMPO oxidation, the addition of carboxyl groups to
the cellulose molecule significantly increases its reactivity and ad-
sorption capabilities while reducing its tendency to agglomeratel'71,
Mechanically fractionating the TEMPO-oxidized nanocellulose
(TOCNF) and adjusting the inter-fiber spaces allow for its applica-
tion in drug and nutrient delivery systemsl'8l, However, the TEMPO
oxidation process is indirect and pH-dependent, and the associated
reaction system poses environmental hazards!'"l. Furthermore, the
safety of TEMPO-treated materials for food applications requires
additional assessment.

Carboxymethylation is another commonly employed pretreat-
ment method. The process begins with the swelling of cellulose by
mixing it with aqueous sodium hydroxide, followed by the addition
of an organic solvent, typically an alcohol like isopropanol, under
vigorous stirring. Chloroacetic acid or sodium chloroacetate is then
slowly introduced to facilitate carboxymethylation™. By manipulat-
ing reaction conditions such as temperature, reaction time, and
chemical reagent concentration; side reactions can be minimized,
thereby improving the yields and characteristics of the resulting
carboxylated nanocellulosel'l. Previous studies have shown that
carboxymethylated CNFs exhibit higher viscosity, better hydrogel
strength, and water retention values, and carboxymethylated CNFs
exhibit a uniform microstructure, ideal hydrogel strength, higher
viscoelasticity, and high water retention in hydrogels202'1, The prop-
erties of carboxymethylated CNFs are dependent on the reaction
conditions employed, and both the carboxyl content and the width
of the CNFs affect their properties!??l. In practical research, the most
suitable reaction conditions can be explored in a targeted manner.

Enzymatic pretreatment
Enzymatic pretreatment is employed to degrade non-cellulosic
components of biomass, such as lignin and hemicellulose, thereby
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facilitating the isolation of cellulose. During this procedure, enzymes
catalyze the hydrolysis of cellulose fibers either selectively or restric-
tively, depending on the specific enzyme and conditions used.
Previous research has demonstrated that enzymatic pretreatment
can enhance the thermal stability and crystallinity of CNF[23-251, For
instance, Zhang et al.23! investigated the use of varying doses of
xylanase to aid in the mechanical production of CNF. Their findings
indicated that enzymatic treatment could improve the thermal
stability of CNF, although the thermal stability decreased as the
enzyme dosage increased. Rocha et al.?*! employed enzymatic
hydrolysis to extract CNF from olive pomace. This process involved
breaking the hydrogen bonds between cellobiose dimers, thereby
shortening the chain and yielding CNF with enhanced thermal
stability and crystallinity compared to the original olive pomace. Tao
et al.2%! observed that the crystallinity and thermal stability of CNFs
were improved due to the hydrolysis of hemicellulose on the surface
of microfibers in bagasse pulp following xylanase pretreatment.
Furthermore, several studies have highlighted that CNF films
pretreated with enzymatic digestion exhibit superior optical and
mechanical propertiesl26-28], Enzymatic pretreatment is advanta-
geous due to its mild conditions, which minimize damage to the
product. However, this method typically necessitates a longer reac-
tion time compared to acid hydrolysis29,
lonic liquid

lonic liquids (ILs) are increasingly utilized in pretreatment pro-
cesses due to their characteristic low melting points and low vapor
pressures, which confer benefits such as non-flammability, reduced
vapor pressure, and enhanced thermal stability3%. The underlying
concept involves dissolving cellulose in an ionic liquid, followed by
high-pressure homogenization to isolate the nanocellulose fibers.
Sui et al.B developed a pretreatment method using a combination
of ionic liquids and ball milling to produce CNF from wheat straw.
This approach facilitated the simultaneous removal of lignin and
hemicellulose, reduction of cellulose crystallinity, and modification
of cellulose morphology under mild processing conditions. Sankhla
et al.B2 employed 1-n-butyl-3-methylimidazole chloride, an ionic
liquid, in conjunction with Na,CO; to pretreat bagasse for CNF
preparation. Na,CO; was used for the extraction of cellulose micro-
fibrils, while the IL treatment facilitated further nanofibrillation,
demonstrating an efficient and environmentally friendly process. It
is crucial to note that the dissolution of cellulose in ionic liquids is
influenced by various factors, including temperature, reaction time,
microwave power, and the cellulose-to-ionic liquid ratio33]. Peng et
al.B4 utilized aqueous proton ionic liquid (PIL) pretreatment
combined with ultrasonic treatment to prepare CNF. Their response
surface optimization experiment revealed that excessive pretreat-
ment time, high temperature, high PIL content, and an excessively
high liquid-solid ratio in the pretreatment system could lead to
excessive hydrolysis and result in reduced CNF yield. Therefore, in
practical applications, it is imperative to determine the optimal
pretreatment conditions based on the specific raw materials and
ionic reagents employed.

Mechanical treatments

The mechanical extraction method involves the application of
high shear force to cleave the cellulosic fibrils in the longitudinal
axis to isolate the fibrils as nanofibrillated cellulosel®sl. The process
commonly employs three types of equipment for mechanical pro-
cessing: ultrafine mills, high-pressure homogenizers, and high-
pressure microfluidic processors. The selection of the most appro-
priate mechanical technology is contingent upon critical factors,
including the type, morphology, and chemical properties of the
diverse starting materialsil. The preparation of CNF through
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mechanical means typically involves three common methods: high-
pressure homogenization, micro-jetting, and milling. The principles
underlying these methods, as well as their respective limitations in
practical application, are summarized in Table 1.

Application prospect of CNF in food-related fields

Stabilizing agent in Pickering emulsions

Pickering emulsions utilize solid or colloidal particles to stabilize
the oil-water interface, replacing traditional surfactants. Unlike
conventional emulsions, Pickering emulsions offer the advantage of
protecting droplets against Ostwald ripening and coalescence due
to the irreversible adsorption of nanoparticles at the oil/water
interfacel'l. These emulsions hold significant application potential in

Table 1.
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the food industry, serving as carriers for active substances and as fat
substitutes thanks to their excellent biocompatibility!*4l. Enhancing
the stability of Pickering emulsions is a current research focus and
challenge, with the key factors influencing stability being the emul-
sification and stabilization properties of the particles (Fig. 1). Gao et
al.! utilized CNF and nanocellulose crystals (CNC) derived from
grapefruit peel to stabilize Pickering emulsions for targeted
lycopene delivery, finding that the CNF-stabilized emulsion exhi-
bited superior storage stability compared to CNC (Fig. 1a). Lu et
al.*6l used CNF as an emulsifier to prepare oil-in-water sesame seed
Pickering lotion, and studied the influence of lotion morphology on
the rheological properties of the system; the oil-in-water photos
under the optical microscope confirmed that CNF can effectively
stabilize the oil/water interface (Fig. 1b). Lv et al.*”l demonstrated
the stabilizing effect of CNF in Pickering emulsions by complexing

Principle and disadvantages of different mechanical methods for the preparation of CNF.

Method Principle

Disadvantage

High-pressure
homogenization

Pass the cellulose dispersion through the homogenization
valve's tiny flow channel several times under high pressure

(> 150 MPa)i®”. Strong peeling and shearing forces generated

by the dispersion reduce the fibrillation of the cellulose.

Micro-Jet Similar to the high-pressure homogenization method, the

cellulose dispersion is subjected to a huge shear force when

passing through a zigzag flow channel under ultra-high

pressure (> 300 MPa) and quickly ejects from a narrow valve

port of 100-400 pumtol,

Milling
mechanical force of a planetary mill or grinding disc to rub
and shear the cellulose fibers and decrease the size of the
fiber particles!*?. Fibrillation is achieved by narrowing the
gap between the grinding discs and reducing the particle
size of CNF.

The grinding process mainly uses a fixed groove disc and the

The reliability of the equipment is low, the maintenance work is complex,
the preparation of homogenization is time-consuming, the energy
consumption is high*), and the size of CNF particles are too large to use
directly?.

Under extremely high pressure, CNF's crystallinity will diminish, and as
the number of processing steps grows, cellulose's creep flexibility and the
fiber network structure tend to relax'),

Production efficiency is limited because the distance between the discs
must be continuously changed during the process. It is challenging to
modify the distance between the discs because the cellulose is too small.
When spinning at high speeds, two grinding discs may clash, introducing
quartz or metal chips; The grinding disc's surface has a specific number of
grooves that make it easy for cellulose to become embedded during the
grinding process, producing uneven cellulose scalet*3!,
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CNF stabilized Pickering emulsion: (a1) Storage stability of Pickering emulsions prepared by CNF and CNC respectively stabilized with different oil

contents. (a2) CLSM images of CNF-based Pickering emulsion (reproduced with permission from Elsevier)*’l. (b) CNF stabilized sesame oil-in-water
emulsion oil-in-water morphology (reproduced with permission from Elsevier)“?.. (c) CNF and NCh to obtain a high internal phase Pickering emulsion
(reproduced with permission from Elsevier)*7),
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it with oppositely charged nanochitin (NCh) to stabilize oil-in-water
high internal phase emulsions (Fig. 1c). The above studies have
shown that the incorporation of CNF into Pickering emulsions can
improve stability and mechanical properties, making them promis-
ing materials for clean and green food-related applications.

Edible food packaging

In recent years, there has been a surge in the search for sustain-
able alternatives to plastic packaging. Biocompatible macro-
molecules with film-forming capabilities, such as proteins and
polysaccharides, have emerged as promising candidates for produc-
ing degradable films that could serve as viable substitutes for plas-
tic packaging!*8l, Edible coatings and films represent another alter-
native, with edible films primarily used for packaging applications
and edible coatings applied directly to food surfaces to form a
protective microlayer*. However, the performance of pure matrix
edible films often falls short of practical application standards.
Consequently, researchers are actively seeking materials that can
enhance the inherent properties of these films while endowing
them with additional functional attributes. Agustin et al.b’% demon-
strated that incorporating CNF into soybean protein membranes

Food Innovation
and Advances

could significantly improve their hydrophobicity, opacity, and
mechanical strength. Niu et al.>" utilized rosin-modified CNF as a
reinforcing filler in polylactic acid films, which resulted in enhanced
antibacterial properties against Escherichia coli and Bacillus subtilis,
as well as improved oxygen barrier and mechanical properties. Nima
et al.bZ showcased the potential of CNF to augment the barrier,
mechanical, and thermal stability properties of tomato seed
mucilage (TSM) films. Additionally, CNF was found to enhance the
antioxidant and antimicrobial activities of the phenolic compounds
and lycopene present in TSM. The above studies proved that the
incorporation of CNF can enhance the tensile properties, barrier
properties, antioxidant capacity, and antimicrobial properties of
edible food packaging materials. These attributes are crucial for
food packaging, and the addition of CNF allows for the creation of
intelligent and active packaging solutions, thereby expanding its
application scope within the food packaging sector.

Active food packaging involves the release of active substances
into the packaging environment to inhibit microbial growth,
prevent oxidation, maintain food flavor and quality, and extend
shelf life (Fig. 2). Riahi et al.53! developed multifunctional com-
posite membranes with CNF and TNT-Cu,O for tomato packaging,
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Fig. 2 CNF can be used in food active packaging: (a) CNF-based film delays tomato ripening at 25°C (reproduced with permission from the American
Chemical Society)®3. (b) CNF-based film at room temperature for fresh garlic preservation test, solid food (garlic) and liquid food (milk) water loss over 8 d
(reproduced with permission from Elsevier)P¥. (c) Antimicrobial effect of CNF-based film as raw salmon packaging: growth status of Listeria
monocytogenes in CNF- and CNF/DQCTS-based film packaging of raw salmon at different temperatures (reproduced with permission from Elsevier).,
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which not only extended shelf life and reduced post-harvest mass
loss but also exhibited significant ethylene scavenging activity and
bactericidal effects (Fig. 2a). Li et al.54! created CNF/corn stover core
(CSC) nanocomposites, addressing the mechanical weakness, poor
water repellency, and lack of antimicrobial properties of CSC as a
packaging material. These nanocomposites demonstrated excellent
UV-blocking and bacterial blocking properties and performed well
in packaging tests for garlic and milk (Fig. 2b). Kim et al.l>3! prepared
fully deacetylated quaternary ammonium chitosan and used it as
a functional filler in CNF-based films for packaging raw salmon,
which exhibited potent antimicrobial activity against Listeria
monocytogenes (Fig. 2c).

Intelligent food packaging, which incorporates materials that
interact with the packaging environment, can monitor and reflect
changes in the internal environment of the package. This capability
allows for the assessment of food deterioration, freshness, and
maturity during storage and transportation (Fig. 3). Wagh et al.5¢l
developed an intelligent nanocomposite film based on CNF,
cabbage anthocyanin, and cabbage biowaste, which is capable of
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monitoring meat freshness in real-time through colorimetric
changes (Fig. 3a) Jeong et al.5”1 combined carotene pigment extract
with CNF to create a pH-sensitive indicator film that can signal
the freshness of minced pork by transitioning from red (indicating
freshness) to purple (indicating spoilage) (Fig. 3b). Zhou et al.[58]
fabricated a 3D-printed CNF-based label for fruit preservation and
monitoring, which can indicate the freshness of lychee by altering
the label's color (Fig. 3c). These studies collectively expand the
application of CNF as a versatile material for multifunctional smart
packaging.

Edible coatings are utilized on fruits and vegetables to mitigate
water loss, enhance texture, decrease respiration rates, and support
the preservation of their physiological attributes. The incorporation
of renewable biological resources, including their nanoscale forms,
into coating materials can provide additional functionality. Wang
et al.b% applied jute-derived CNF as a coating material and sprayed
it onto the surfaces of bananas, mangoes, and other fruits to create
an active fresh-keeping film. This film exhibited robust antioxidant
activity and effective oxygen and ultraviolet-blocking properties,

>
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il -
. 3D printed label
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Control
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Fig. 3 CNF can be applied to smart packaging: (a) Smart nanocomposite films based on CNF/cabbage anthocyanins/cabbage biowaste can detect
changes in the quality of fish, pigs, and shrimps. (Reproduced with permission from Elsevier)©., (b) CNF film compounded with carotene pigment extract
can detect the freshness of minced pork by color change (reproduced with permission from Elsevier)”). (c) CNF-based 3D printed label that can detect
the freshness of lychee by color change (reproduced with permission from Elsevier)!>®.
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thereby significantly extending the shelf life of bananas and apples
at room temperature (Fig. 4a). Amoroso et al.l’% applied a carrot CNF
suspension to the surface of bananas, which markedly delayed enzy-
matic browning for up to one week. These studies collectively
confirm the efficacy of CNF composites as outstanding materials for
the development of food coatings (Fig. 4b). Ghost et al.l’"l utilized
iron-functionalized nanocellulose fibers (i-CNF) to reinforce chitosan
in the preparation of edible coatings for kiwifruit. These coatings
effectively reduced quality loss (Fig. 4c1), firmness loss (Fig. 4c2),
respiration rate (Fig. 4c3), and microbial count during storage.

Sustained release and delivery system

Recently, there has been a surge in the application of CNF as
embedding materials in the field of biomedicine. Chen et al.l6Z
developed an ibuprofen-CNF delivery system. Putra et al.53] inte-
grated alginate hydrogels into CNF derived from the solid waste
agar industry for the delivery of hydrophobic antibiotics. Wang et
all4l grafted dopamine onto CNF functionalized with carboxyl
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groups, creating dopamine sustained-release delivery materials with
enhanced biocompatibility. Several studies have demonstrated that
nanoparticles, such as CNF, exhibit superior encapsulation effi-
ciency and controlled release characteristics under simulated gastro-
intestinal conditions(®5-671, Research in the field of food science
utilizing CNF has garnered increasing attention (Fig. 5). Chang et
al.le5l showed that the immobilization and encapsulation of CNF can
improve the photothermal stability of curcumin, effectively delay-
ing and prolonging its release in the simulated gastrointestinal tract.
This suggests a potential protective mechanism for the sustained
release of curcumin. Li et al.l5¢! utilized leftover cellulose from betel
nuts to fabricate a novel quercetin-supported CNF composite, incor-
porating zinc ions onto its surface (Fig. 5a). This composite boasts
high capacity and encapsulation efficiency, exhibits robust anti-
oxidant activity, and releases quercetin in a controlled manner. Luan
et al.lb”l prepared cellulose-based porous composite gels, where
CNF was used to adjust pore size and pH, enabling the embedding
and targeted delivery of probiotics (Fig. 5b).
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Fig.4 CNF can be used as a spray coating for food preservation: (a) Mitigation effect of different CNFs sprayed on the surface of (a1) bananas, and (a2)
mangoes on their decay. (Reproduced with permission from the American Chemical Society)®”. (b) Freshness of bleached and unbleached carrot CNF
sprays for bananas (reproduced with permission from the American Chemical Society)?.. (c) f-CNF enhanced chitosan edible coating for kiwifruit
preservation: (c1) Weight loss. (c2) Texture analysis. (c3) Respiration rate of edible coated kiwifruit products stored at 10 °C (reproduced with permission

from Elsevier)"l,
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Function food additives

Functional foods are designed to enhance health and prevent
illness by incorporating new or existing ingredients. Dietary fiber,
known for its benefits in alleviating obesity, reducing the risk of
cardiovascular disease, and regulating intestinal floral®, can be
incorporated into functional foods. However, research has indicated
that the addition of dietary fiber to food products may impact
flavorl®9, texturel”®, and color”™, Utilizing cellulose nanofibers (CNF)
as a source of dietary fiber in functional foods not only increases the
fiber content but also addresses the limitations associated with
traditional dietary fibers’2.. Furthermore, CNF can be employed in
the preparation of structured oils and fats as fat substitutes,
contributing to the development of low-fat food products. Azeredo
et al.l73! utilized CNF-based Pickering emulsion in the formulation of
low-fat ice cream, with results demonstrating that CNF enhanced
the organoleptic properties of the reduced-fat sample and
improved its freeze-thaw stability. CNF's ability to form gels with a
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three-dimensional mesh structure in aqueous solution aids in
enhancing the viscosity of the food system, thereby providing a
texture similar to that of oil74l, Velasquez-Cock et al.l’5! incorpo-
rated CNF into low-fat ice cream formulations, potentially reducing
fat instability and improving emulsion stability in these products by
effectively covering the fat globules. Sensory experiments revealed
that ice cream with higher CNF content was described as smoother
and creamier. Hongho et al.l’¢ investigated the use of CNF as a
partial replacement for egg yolk in salad dressings, showing that
CNF in lime residue powder could prevent fat globule coagulation
without significantly affecting the salad dressing's color.

Additionally, CNF can interact with other components within the
food system, such as proteins, to prevent contraction and reorgani-
zation of the 3D network structure, thus forming a tight structure.
CNF also fills the gaps within the food system's network structure,
contributing to a soft texture reminiscent of fat during chewing and
swallowingl74l.
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The challenges of CNF in food application

Pollution and energy consumption

Environmental pollution and high energy consumption during
the production of CNF present significant challenges to the sustain-
able and scalable manufacturing of high-quality CNF with optimal
reactivity. The production process often requires substantial energy
input, the use of hazardous chemical reagents, and high water
consumption, and results in an uneven size distribution of the
produced CNF, complicating the sustainable and large-scale pro-
duction of CNF with desirable properties!”’?). Various chemical and
mechanical treatments are employed to remove hemicellulose,
lignin, fat, wax, and pectin from the cellulose structure. Mechanical
methods, such as high-pressure homogenization, micro-jet process-
ing, and milling, are energy-intensive and can be cost-prohibitive.
Chemical treatments, including alkaline-acid processing, TEMPO-
mediated oxidation, and carboxymethylation[7879, are considered
effective in reducing energy consumption. However, these meth-
ods necessitate the use of large quantities of reactants and solvents,
as well as substantial amounts of water for washing, dissolving
compounds, and neutralizing acids. The use of acids and excessive
water can lead to environmental pollution, and the energy demands
of these pre-treatment steps in industrial-scale production are also
significant barriers from a cost-benefit standpoint!&l,

To mitigate energy consumption, it is imperative to conduct
further study and research into the development of energy-efficient
pretreatment techniques to produce CNF from an environmental
perspective. Recent studies suggest that a synergistic combination
of mechanical and chemical methods can lead to a reduction in
overall energy usagel89-82], Certain pretreatments have been applied
to enhance the hydrogen bonding between cellulose fibers, thereby
facilitating the loosening of fibers. Haroni et al.8% proposed the use
of bio-based electricity for heating and the substitution of
bioethanol for ethanol to lessen environmental impact and reduce
total energy demand. Pradhan et all3' employed ultrasound-
assisted deep eutectic solvent treatment to produce CNF from
barley straw, followed by high-intensity ultrasonication for nano-
fibrillation. Pinto et all®d demonstrated that TEMPO-mediated
oxidation could be used to create CNF without the need for
mechanical defibrillation, thereby reducing the environmental
impact associated with CNF production. An overview of the
commonly used pretreatment methods for CNF production is
provided above. However, enzymatic hydrolysis is costly and time-
consuming; TEMPO catalysts are expensive and difficult to recycle;
and the processes of carboxymethylation and cationization require
the consumption of large quantities of organic reagents. Therefore,

Table2. The principles and advantages of the emerging pretreatment methods.
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there is an expectation to develop pretreatment methods that are
cost-effective, less polluting, and more efficient, tailored to the
different sources and properties of CNF. Emerging pretreatment
techniques such as organic acid hydrolysis, periodic acid oxidation,
eutectic solvent pretreatment, and solvent-assisted pretreatment
have been progressively developed in recent years as effective and
environmentally friendly alternatives®3l. Table 2 summarizes the
principles and advantages of some of these innovative pretreat-
ment methods.

Cytotoxicity

In the majority of literature, nanocellulose materials such as CNF
are considered safe and non-toxic and have been utilized in the
food industry for edible packaging, food additives, and as delivery
systems for active ingredients. However, the biological effects of
nanocellulose on the human body cannot be assessed solely based
on its chemical properties due to the nanomaterials' size, shape,
aggregation behavior, and other unknown factors that may influ-
ence their interaction with cells and organismsl®l, The characteris-
tics of CNF, including its nanoscale size, high specific surface area,
and reactivity, may lead to cytotoxicity®®’l. Concerns about the use
of nanocellulose as a food additive are heightened by the ease with
which CNF particles can cross biological barriers and enter the circu-
latory system when ingested, potentially impacting human health.
Therefore, a thorough toxicological assessment of nanocellulose is
essential before its application. During the production of CNF, there
is a potential health risk to workers from skin exposure or inhalation,
necessitating long-term exposure studies that are characterized by
actual workplace concentrations of nanocellulose!88l. Morias et al.[8
emphasize the need for safety profiles and additional toxicological
studies for selected nanocellulose materials. These investigations
should follow the protocols established by major international regu-
latory bodies, such as the U.S. Food and Drug Administration (FDA)
and the European Chemicals Agency, to accurately categorize
specific nanocellulose materials within chemical hazard classifica-
tions. Currently, there is a limited number of in vitro and in vivo
studies on nanocellulose, and although the available evidence
suggests that CNF is non-cytotoxic in these small-scale experiments,
there is a lack of documented clinical trials involving CNF in food
applications. In vivo experiments must be clinically validated before
they can be deemed reliable. Given the difficulty of human systems
in degrading nanocellulose materials and the uncertainty surround-
ing the interaction mechanisms between cells and nanocellulose, it
is imperative to incorporate relevant clinical trial designs into future
research to investigate the potential complications associated with
the use of nanocellulose and its biomaterials in tissue engineering
and other biomedical applications.

Method Principle Advantage
Hydrolysis of organic  Organic acid hydrolysis of cellulose raw materials can reduce its CNF can be synthetically prepared by adjusting the hydrolysis
acids!®?! particle size, and can hydrolyze the amorphous region of cellulose, conditions, and the organic acids after the reaction can be

improve the crystallinity of the final product, and can also graft
functional groups such as carboxyl and ester groups on the fiber

surface.

Periodite oxidation
pretreatment!'% 8485

By increasing the anionic charge density on the surface of cellulose
fibers to reduce hydrogen bonds, periodic acid oxidation pretreat-
ment combined with sodium hypochlorite oxidation or sodium
bisulfite reduction can enrich the surface of microfibrils inside
cellulose with carboxyl or sulfonic acid groups, thereby increasing

recovered with high efficiency by rotary evaporation or
crystallization

The electrostatic repulsion of the microfibrils against each
other is increased, which greatly improves the nano-efficiency
of the mechanical treatment process, thereby reducing energy
consumption, and the periodate can be recovered efficiently
during the pre-treatment process.

the electrostatic repulsion of microfibrils against each other

Eutectic solvent
pretreatment!3¢ 831

adding modification reagents.

Deutscible solvent (DES) is a two-component or three-component
eutectic mixture composed of a hydrogen bond acceptor and a
hydrogen bond donor with a certain stoichiometric ratio. The
functionalization of cellulose surface groups can be achieved by

The physicochemical properties of DES are similar to those of
ionic liquids, but they are less expensive to prepare, less toxic,
biodegradable, and greener than ionic liquids. In addition, DES
can achieve efficient recycling through a simple recycling
process.
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Conclusions

This review provides a concise overview of the utilization of CNF
in the food industry over the past five years, with an emphasis on
the difficulties encountered during their production and implemen-
tation. Traditional pretreatment methods, while reducing energy
and environmental impact, face issues like high costs of enzymes
and chemical agents and pollution from organic reagents. Develop-
ing cost-effective, efficient, and eco-friendly CNF preparation meth-
ods is a promising research direction. Moreover, the influence of
diverse pretreatment and modification approaches on CNF perfor-
mance, as well as the differences in CNF characteristics depending
on their source, play a crucial role in determining their suitability for
specific food applications and merit further exploration.

The high water-holding capacity and thickening effect of CNF can
be used to develop fat substitutes and increase its dietary fiber
content in functional foods. Due to its excellent bioactivity, biocom-
patibility and mechanical properties, CNF has also been widely stud-
ied for the preparation of sustained-release nutrient delivery
systems, active packaging and smart packaging. More research
should focus on preventing microbial contamination and ensuring
packaging stability without altering the physical and chemical prop-
erties of CNF. The development of more standardized and stringent
management regulations is essential for the safe and effective use of
CNF in the food industry.

Authors contributions

The authors confirm their contributions to the paper as follows:
investigation: Liang J, Xu B, Liu P, Bai G formal analysis: Liang J;
methodology: Lu S, Ma T; conceptualization, funding acquisition,
resources: Song Y; writing — original draft preparation: Liang J; writ-
ing — review & editing: Ma T. All authors reviewed the results and
approved the final version of the manuscript.

Data availability

Data sharing is not applicable to this review article as no datasets
have been generated or analyzed.

Acknowledgments

This work was supported by the National Natural Science Founda-
tion of China (Grant No. 32272343).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 20 December 2024; Revised 1 March 2025; Accepted 4
March 2025; Published online 26 August 2025

References

1. Perumal AB, Nambiar RB, Moses JA, Anandharamakrishnan C. 2022.
Nanocellulose: Recent trends and applications in the food industry.
Food Hydrocolloids 127:107484

2. Kassie BB, Daget TM, Tassew DF. 2024. Synthesis, functionalization, and
commercial application of cellulose-based nanomaterials. International
Journal of Biological Macromolecules 278:134990

3. Soares da Silva FAG, Matos M, Dourado F, Reis MAM, Branco PC, et al.
2023. Development of a layered bacterial nanocellulose-PHBV compos-
ite for food packaging. Journal of the Science of Food and Agriculture
103:1077-87

Page 360 of 362

10.

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Review of cellulose nanofiber in the food industry

Li J, Zhang F, Zhong Y, Zhao Y, Gao P, et al. 2022. Emerging food pack-
aging applications of cellulose nanocomposites: a review. Polymers
14:4025

Wang M, Yuan J, Huang X, Cai X, Li L, et al. 2013. Grafting of carboxybe-
taine brush onto cellulose membranes via surface-initiated ARGET-ATRP
for improving blood compatibility. Colloids and Surfaces B: Biointerfaces
103:52-58

Pennells J, Godwin ID, Amiralian N, Martin DJ. 2020. Trends in the
production of cellulose nanofibers from non-wood sources. Cellulose
27:575-93

Liu YH, Xu Y, He YT, Wen JL, Yuan TQ. 2024. Lignocellulosic biomass-
derived functional nanocellulose for food-related applications: a review.
International Journal of Biological Macromolecules 277:134536

Kumar GG, Pratyoosh S. 2020. Lignocellulosic biomass for the synthesis
of nanocellulose and its eco-friendly advanced applications . Frontiers in
Chemistry 8:601256

Khan MR, Wasim M, Farooq A, Naeem MA, Mushtag M, et al. 2024. A
review study on derivation of nanocellulose to its functional properties
and applications in drug delivery system, food packaging, and biosens-
ing devices. Polymer Bulletin 81:9519-68

Nadeem H, Athar M, Dehghani M, Garnier G, Batchelor W. 2022. Recent
advancements, trends, fundamental challenges and opportunities in
spray deposited cellulose nanofibril films for packaging applications.
Science of the Total Environment 836:155654

Yi T, Zhao H, Mo Q, Pan D, Liu Y, et al. 2020. From cellulose to cellulose
nanofibrils—a comprehensive review of the preparation and modifica-
tion of cellulose nanofibrils. Materials 13:5062

Rol F, Belgacem MN, Gandini A, Bras J. 2019. Recent advances in surface-
modified cellulose nanofibrils. Progress in Polymer Science 88:241-64
Alemdar A, Sain M. 2008. Isolation and characterization of nanofibers
from agricultural residues - wheat straw and soy hulls. Bioresource Tech-
nology 99:1664-71

Farooq A, Patoary MK, Zhang M, Mussana H, Li M, et al. 2020. Cellulose
from sources to nanocellulose and an overview of synthesis and proper-
ties of nanocellulose/zinc oxide nanocomposite materials. International
Journal of Biological Macromolecules 154:1050-73

Kabir MM, Wang H, Lau KT, Cardona F. 2012. Chemical treatments on
plant-based natural fibre reinforced polymer composites: an overview.
Composites Part B: Engineering 43:2883—-92

Saini S, Quinot D, Lavoine N, Belgacem MN, Bras J. 2017. B-Cyclodextrin-
grafted TEMPO-oxidized cellulose nanofibers for sustained release of
essential oil. Journal of Materials Science 52:3849-61

Tang Z, Lin X, Yu M, Mondal AK, Wu H. 2024. Recent advances in TEMPO-
oxidized cellulose nanofibers: Oxidation mechanism, characterization,
properties and applications. International Journal of Biological Macro-
molecules 259:129081

Lobmann K, Svagan AJ. 2017. Cellulose nanofibers as excipient for the
delivery of poorly soluble drugs. International Journal of Pharmaceutics
533:285-97

Heinze T, El Seoud OA, Koschella A. 2018. Etherification of cellulose.
In Cellulose Derivatives: Synthesis, Structure, and Properties, eds. Heinze T,
El Seoud OA, Koschella A. Cham: Springer. pp. 429-77 doi: 10.1007/978-
3-319-73168-1_6

Zahra A, Gao S, Park JM, Shin SJ. 2022. Impact of carboxymethylation
pretreatment on the rheology of cellulose nanofiber from bleached rice
hull. Journal of Korea TAPPI 54:63—72

Zhang K, Tian X, Shen R, Zhao K, Wang Y, et al. 2023. Delaying In vitro
gastric digestion of myofibrillar protein gel using carboxymethylated
cellulose nanofibrils: forming a compact and uniform microstructure.
Food Hydrocolloids 140:108661

Im W, Lee S, Rajabi Abhari A, Youn HJ, Lee HL. 2018. Optimization of
carboxymethylation reaction as a pretreatment for production of cellu-
lose nanofibrils. Cellulose 25:3873-83

Zhang K, Zhang Y, Yan D, Zhang C, Nie S. 2018. Enzyme-assisted
mechanical production of cellulose nanofibrils: thermal stability. Cellu-
lose 25:5049-61

Rocha PdS, Pagno CH, Crizel TdM, Fléres SH, Hertz PF. 2024. Olive
pomace upcycling: eco-friendly production of cellulose nanofibers by
enzymatic hydrolysis and application in starch films. Journal of Food
Science 89:9456—65

Liang et al. Food Innovation and Advances 2025, 4(3): 352—362


https://doi.org/10.1016/j.foodhyd.2022.107484
https://doi.org/10.1016/j.ijbiomac.2024.134990
https://doi.org/10.1016/j.ijbiomac.2024.134990
https://doi.org/10.1002/jsfa.11839
https://doi.org/10.3390/polym14194025
https://doi.org/10.1016/j.colsurfb.2012.10.025
https://doi.org/10.1007/s10570-019-02828-9
https://doi.org/10.1016/j.ijbiomac.2024.134536
https://doi.org/10.3389/fchem.2020.601256
https://doi.org/10.3389/fchem.2020.601256
https://doi.org/10.1007/s00289-024-05190-4
https://doi.org/10.1016/j.scitotenv.2022.155654
https://doi.org/10.3390/ma13225062
https://doi.org/10.1016/j.progpolymsci.2018.09.002
https://doi.org/10.1016/j.biortech.2007.04.029
https://doi.org/10.1016/j.biortech.2007.04.029
https://doi.org/10.1016/j.biortech.2007.04.029
https://doi.org/10.1016/j.ijbiomac.2020.03.163
https://doi.org/10.1016/j.ijbiomac.2020.03.163
https://doi.org/10.1016/j.compositesb.2012.04.053
https://doi.org/10.1007/s10853-016-0644-7
https://doi.org/10.1016/j.ijbiomac.2023.129081
https://doi.org/10.1016/j.ijbiomac.2023.129081
https://doi.org/10.1016/j.ijbiomac.2023.129081
https://doi.org/10.1016/j.ijpharm.2017.09.064
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.1007/978-3-319-73168-1_6
https://doi.org/10.7584/JKTAPPI.2022.06.54.3.63
https://doi.org/10.1016/j.foodhyd.2023.108661
https://doi.org/10.1007/s10570-018-1853-9
https://doi.org/10.1007/s10570-018-1928-7
https://doi.org/10.1007/s10570-018-1928-7
https://doi.org/10.1111/1750-3841.17454
https://doi.org/10.1111/1750-3841.17454

Review of cellulose nanofiber in the food industry

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Tao P, Wu Z, Xing C, Zhang Q, Wei Z, et al. 2019. Effect of enzymatic
treatment on the thermal stability of cellulose nanofibrils. Cellulose
26:7717-25

Yang H, Bai L, Duan Y, Xie H, Wang X, et al. 2023. Upcycling corn straw
into nanocelluloses via enzyme-assisted homogenization: Application
as building blocks for high-performance films. Journal of Cleaner Produc-
tion 390:136215

Nie S, Zhang K, Lin X, Zhang C, Yan D, et al. 2018. Enzymatic pretreat-
ment for the improvement of dispersion and film properties of cellu-
lose nanofibrils. Carbohydrate Polymers 181:1136—-42

Las-Casas B, Arantes V. 2023. Endoglucanase pretreatment aids in isolat-
ing tailored-cellulose nanofibrils combining energy saving and high-
performance packaging. International Journal of Biological Macro-
molecules 242:125057

Wahlstrom RM, Suurndkki A. 2015. Enzymatic hydrolysis of lignocellu-
losic polysaccharides in the presence of ionic liquids. Green Chemistry
17:694-714

Onkarappa HS, Prakash GK, Pujar GH, Rajith Kumar CR, Latha MS, et al.
2020. Hevea brasiliensis mediated synthesis of nanocellulose: effect of
preparation methods on morphology and properties. International Jour-
nal of Biological Macromolecules 160:1021-28

Sui Y, Cui Y, Wang Y, Zhao Y, Sun G. 2022. An efficient strategy for
enhancing glucose recovery of wheat straw by ionic liquid combined
ball milling pretreatment. Bioenergy Research 15:1933—45

Sankhla S, Sardar HH, Neogi S. 2021. Greener extraction of highly crys-
talline and thermally stable cellulose micro-fibers from sugarcane
bagasse for cellulose nano-fibrils preparation. Carbohydrate Polymers
251:117030

Vitz J, Erdmenger T, Haensch C, Schubert US. 2009. Extended dissolu-
tion studies of cellulose in imidazolium based ionic liquids. Green Che-
mistry 11:417-24

Peng X, Zhu D, Liu J, Wei L, Liu N, et al. 2023. Response surface optimiza-
tion of ionic liquid pretreatments for maximizing cellulose nanofibril
production. RSC Advances 13:35629-38

Abdel-Hakim A, Mourad R. 2023. Nanocellulose and its polymer com-
posites: preparation, characterization, and applications. Russian Chemi-
cal Reviews 92:RCR5076

Djafari Petroudy SR, Chabot B, Loranger E, Naebe M, Shojaeiarani J, et al.
2021. Recent advances in cellulose nanofibers preparation through
energy-efficient approaches: a review. Energies 14:6792

Nakagaito AN, Yano H. 2004. The effect of morphological changes from
pulp fiber towards nano-scale fibrillated cellulose on the mechanical
properties of high-strength plant fiber based composites. Applied
Physics A 78:547—-52

Balasubramaniam VM, Martinez-Monteagudo SI, Gupta R. 2015. Princi-
ples and application of high pressure-based technologies in the food
industry. Annual Review of Food Science and Technology 6:435—62

Teo HL, Wahab RA. 2020. Towards an eco-friendly deconstruction of
agro-industrial biomass and preparation of renewable cellulose nano-
materials: a review. International Journal of Biological Macromolecules
161:1414-30

Abdul Khalil HPS, Davoudpour Y, Islam MN, Mustapha A, Sudesh K, et al.
2014. Production and modification of nanofibrillated cellulose using
various mechanical processes: a review. Carbohydrate Polymers
99:649-65

Ling S, Chen W, Fan Y, Zheng K, Jin K, et al. 2018. Biopolymer nanofibrils:
Structure, modeling, preparation, and applications. Progress in Polymer
Science 85:1-56

Phanthong P, Reubroycharoen P, Hao X, Xu G, Abudula A, et al. 2018.
Nanocellulose: extraction and application. Carbon Resources Conversion
1:32-43

Barakat A, Mayer-Laigle C, Solhy A, Arancon RAD, de Vries H, et al. 2014.
Mechanical pretreatments of lignocellulosic biomass: towards facile and
environmentally sound technologies for biofuels production. RSC
Advances 4:48109-27

Wu Y, Chen X, Zhang Q, Ding Y, Zhou X. 2021. Stability mechanism of
Pickering emulsion and its application in food industry: a review. Food
Science 42:275-82

Liang et al. Food Innovation and Advances 2025, 4(3): 352—362

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Food Innovation
and Advances

Gao J, Qiu Y, Chen F, Zhang L, Wei W, et al. 2023. Pomelo peel derived
nanocellulose as Pickering stabilizers: Fabrication of Pickering emul-
sions and their potential as sustained-release delivery systems for
lycopene. Food Chemistry 415:135742

Lu Y, Qian X, Xie W, Zhang W, Huang J, et al. 2019. Rheology of the
sesame oil-in-water emulsions stabilized by cellulose nanofibers. Food
Hydrocolloids 94:114-27

Lv JY, Wang H, Zhu MQ, Chen Q, Huan SQ, et al. 2024. High internal
phase Pickering emulsions via complexation of cellulose nanofibrils and
nanochitin: enhanced interfacial adsorption and structured aqueous
network. Food Hydrocolloids 157:110383

Zhang W, Zhang Y, Cao J, Jiang W. 2021. Improving the performance
of edible food packaging films by using nanocellulose as an additive.
International Journal of Biological Macromolecules 166:288—96

Hassan B, Chatha SAS, Hussain Al, Zia KM, Akhtar N. 2018. Recent
advances on polysaccharides, lipids and protein based edible films and
coatings: A review. International Journal of Biological Macromolecules
109:1095-107

Gonzélez A, Gasteld G, Barrera GN, Ribotta PD, Alvarez Igarzabal Cl.
2019. Preparation and characterization of soy protein films reinforced
with cellulose nanofibers obtained from soybean by-products. Food
Hydrocolloids 89:758—64

Niu X, Liu Y, Song Y, Han J, Pan H. 2018. Rosin modified cellulose
nanofiber as a reinforcing and co-antimicrobial agents in polylactic acid
/chitosan composite film for food packaging. Carbohydrate Polymers
183:102-9

Ghadiri Alamdari N, Salmasi S, Almasi H. 2021. Tomato seed mucilage as
a new source of biodegradable film-forming material: effect of glycerol
and cellulose nanofibers on the characteristics of resultant films. Food
and Bioprocess Technology 14:2380—400

Riahi Z, Ezati P, Rhim JW, Bagheri R, Pircheraghi G. 2022. Cellulose
nanofiber-based ethylene scavenging antimicrobial films incorporated
with various types of titanium dioxide nanoparticles to extend the shelf
life of fruits. ACS Applied Polymer Materials 4(7):4765—-73

Li Z, Guan J, Yan C, Chen N, Wang C, et al. 2023. Corn straw core/cellu-
lose nanofibers composite for food packaging: improved mechanical,
bacteria blocking, ultraviolet and water vapor barrier properties. Food
Hydrocolloids 143:108884

Kim YH, Kim HJ, Yoon KS, Rhim JW. 2023. Cellulose nanofiber/deacety-
lated quaternary chitosan composite packaging film for growth inhibi-
tion of Listeria monocytogenes in raw salmon. Food Packaging and Shelf
Life 35:101040

Wagh RV, Khan A, Priyadarshi R, Ezati P, Rhim JW. 2023. Cellulose
nanofiber-based multifunctional films integrated with carbon dots and
anthocyanins from Brassica oleracea for active and intelligent food
packaging applications. International Journal of Biological Macro-
molecules 233:123567

Jang JH, Kang HJ, Adedeji OE, Kim GY, Lee JK, et al. 2023. Development
of a pH indicator for monitoring the freshness of minced pork using a
cellulose nanofiber. Food Chemistry 403:134366

Zhou W, Wu Z, Xie F, Tang S, Fang J, et al. 2021. 3D printed nanocellu-
lose-based label for fruit freshness keeping and visual monitoring.
Carbohydrate Polymers 273:118545

Yu W, Luo L, Yi Y, Xing C, Yang Y, et al. 2024. Active food packaging
composite films from bast fibers-derived cellulose nanofibrils. ACS
Sustainable Chemistry & Engineering 12:9511-21

Amoroso L, De France KJ, Milz Cl, Siqueira G, Zimmermann T, et al. 2022.
Sustainable cellulose nanofiber films from carrot pomace as sprayable
coatings for food packaging applications. ACS Sustainable Chemistry &
Engineering 10:342-52

Ghosh T, Nakano K, Katiyar V. 2021. Curcumin doped functionalized
cellulose nanofibers based edible chitosan coating on kiwifruits. Inter-
national Journal of Biological Macromolecules 184:936—45

Chen T, He X, Jiang T, Liu W, Li Y, et al. 2021. Synthesis and drug delivery
properties of Ibuprofen-Cellulose nanofibril system. International Jour-
nal of Biological Macromolecules 182:931-37

Putra BU, Hardiningtyas SD, Hastuti N, Ramadhan W, Uju, et al. 2024.
Alginate hydrogel incorporating cellulose nanofiber from solid waste
agar industry for hydrophobic antibiotic delivery: synthesis and charac-
terization. Materials Today Communications 38:108248

Page 361 of 362


https://doi.org/10.1007/s10570-019-02634-3
https://doi.org/10.1016/j.jclepro.2023.136215
https://doi.org/10.1016/j.jclepro.2023.136215
https://doi.org/10.1016/j.jclepro.2023.136215
https://doi.org/10.1016/j.carbpol.2017.11.020
https://doi.org/10.1016/j.ijbiomac.2023.125057
https://doi.org/10.1016/j.ijbiomac.2023.125057
https://doi.org/10.1016/j.ijbiomac.2023.125057
https://doi.org/10.1039/C4GC01649A
https://doi.org/10.1016/j.ijbiomac.2020.05.188
https://doi.org/10.1016/j.ijbiomac.2020.05.188
https://doi.org/10.1016/j.ijbiomac.2020.05.188
https://doi.org/10.1007/s12155-022-10404-6
https://doi.org/10.1016/j.carbpol.2020.117030
https://doi.org/10.1039/b818061j
https://doi.org/10.1039/b818061j
https://doi.org/10.1039/b818061j
https://doi.org/10.1039/D3RA06930C
https://doi.org/10.57634/rcr5076
https://doi.org/10.57634/rcr5076
https://doi.org/10.57634/rcr5076
https://doi.org/10.3390/en14206792
https://doi.org/10.1007/s00339-003-2453-5
https://doi.org/10.1007/s00339-003-2453-5
https://doi.org/10.1146/annurev-food-022814-015539
https://doi.org/10.1016/j.ijbiomac.2020.08.076
https://doi.org/10.1016/j.carbpol.2013.08.069
https://doi.org/10.1016/j.progpolymsci.2018.06.004
https://doi.org/10.1016/j.progpolymsci.2018.06.004
https://doi.org/10.1016/j.crcon.2018.05.004
https://doi.org/10.1039/C4RA07568D
https://doi.org/10.1039/C4RA07568D
https://doi.org/10.7506/spkx1002-6630-20200325-373
https://doi.org/10.7506/spkx1002-6630-20200325-373
https://doi.org/10.1016/j.foodchem.2023.135742
https://doi.org/10.1016/j.foodhyd.2019.03.001
https://doi.org/10.1016/j.foodhyd.2019.03.001
https://doi.org/10.1016/j.foodhyd.2024.110383
https://doi.org/10.1016/j.ijbiomac.2020.10.185
https://doi.org/10.1016/j.ijbiomac.2017.11.097
https://doi.org/10.1016/j.foodhyd.2018.11.051
https://doi.org/10.1016/j.foodhyd.2018.11.051
https://doi.org/10.1016/j.carbpol.2017.11.079
https://doi.org/10.1007/s11947-021-02734-8
https://doi.org/10.1007/s11947-021-02734-8
https://doi.org/10.1021/acsapm.2c00338
https://doi.org/10.1016/j.foodhyd.2023.108884
https://doi.org/10.1016/j.foodhyd.2023.108884
https://doi.org/10.1016/j.fpsl.2023.101040
https://doi.org/10.1016/j.fpsl.2023.101040
https://doi.org/10.1016/j.ijbiomac.2023.123567
https://doi.org/10.1016/j.ijbiomac.2023.123567
https://doi.org/10.1016/j.ijbiomac.2023.123567
https://doi.org/10.1016/j.foodchem.2022.134366
https://doi.org/10.1016/j.carbpol.2021.118545
https://doi.org/10.1021/acssuschemeng.4c03117
https://doi.org/10.1021/acssuschemeng.4c03117
https://doi.org/10.1021/acssuschemeng.1c06345
https://doi.org/10.1021/acssuschemeng.1c06345
https://doi.org/10.1016/j.ijbiomac.2021.06.098
https://doi.org/10.1016/j.ijbiomac.2021.06.098
https://doi.org/10.1016/j.ijbiomac.2021.04.096
https://doi.org/10.1016/j.ijbiomac.2021.04.096
https://doi.org/10.1016/j.ijbiomac.2021.04.096
https://doi.org/10.1016/j.mtcomm.2024.108248

Food Innovation
and Advances

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Wang L, Zhu H, Xu G, Hou X, He H, et al. 2020. A biocompatible cellu-
lose-nanofiber-based multifunctional material for Fe** detection and
drug delivery. Journal of Materials Chemistry C 8:11796—-804

Chang Y, Wang Q, Huang J, Luo X, Huang Y, et al. 2023. Curcumin-
loaded bamboo shoot cellulose nanofibers: characterization and in vitro
studies. Foods 12:3512

Li Y, Yao S, Chen Y, Wu L, Xiang D, et al. 2024. Synthesis and characteri-
zation of zinc ion-integrated quercetin delivery system using areca nut
seeds nanocellulose. LWT 192:115673

Luan Q, Zhou WJ, Zhang H, Bao YP, Zheng MM, et al. 2018. Cellulose-
based composite macrogels from cellulose fiber and cellulose nanofiber
as intestine delivery vehicles for probiotics. Journal of Agricultural and
Food Chemistry 66:339—45

Lian W, Huang Y, Li Y, Wang X, Qu M, et al. 2023. Advances in research
on the effects of dietary fiber on protein gel properties. Food Science
44:340-48

Tolve R, Zanoni M, Ferrentino G, Gonzalez-Ortega R, Sportiello L, et al.
2024. Dietary fibers effects on physical, thermal, and sensory properties
of low-fat ice cream. LWT 199:116094

Younis K, Yousuf O, Qadri OS, Jahan K, Osama K, et al. 2022. Incorpora-
tion of soluble dietary fiber in comminuted meat products: Special
emphasis on changes in textural properties. Bioactive Carbohydrates and
Dietary Fibre 27:100288

Zhao H, Wang L, Brennan M, Brennan C. 2022. How does the addition of
mushrooms and their dietary fibre affect starchy foods. Journal of Future
Foods 2:18-24

Lu Z, Zhang H, Toivakka M, Xu C. 2024. Current progress in functional-
ization of cellulose nanofibers (CNFs) for active food packaging. Interna-
tional Journal of Biological Macromolecules 267:131490

Azeredo HMC, Tonon RV, McClements DJ. 2021. Designing healthier
foods: reducing the content or digestibility of key nutrients. Trends in
Food Science & Technology 118:459—70

Elleuch M, Bedigian D, Roiseux O, Besbes S, Blecker C, et al. 2011. Dietary
fibre and fibre-rich by-products of food processing: Characterisation,
technological functionality and commercial applications: a review. Food
Chemistry 124:411-21

Veldsquez-Cock J, Serpa A, Vélez L, Gafidn P, Gbmez Hoyos C, et al. 2019.
Influence of cellulose nanofibrils on the structural elements of ice
cream. Food Hydrocolloids 87:204-13

Hongho C, Chiewchan N, Devahastin S. 2023. Production of salad dress-
ings via the use of economically prepared cellulose nanofiber from lime
residue as a functional ingredient. Journal of Food Science 88:1101-13
Zhang Y, Deng W, Wu M, Rahmaninia M, Xu C, et al. 2023. Tailoring func-
tionality of nanocellulose: current status and critical challenges. Nano-
materials 13:1489

Page 362 of 362

78.
79.
80.

81.

82.

83.

84.
85.

86.

87.
88.

89.

Review of cellulose nanofiber in the food industry

Mishra RK, Ha SK, Verma K, Tiwari SK. 2018. Recent progress in some
selected bio-nanomaterials and their engineering applications: an
overview. Journal of Science: Advanced Materials and Devices 3:263—88
Song Y, Chen W, Niu X, Fang G, Min H, et al. 2019. An energy efficient
one-pot swelling/esterification method to prepare cellulose nanofiber
with uniform diameter. ChemSusChem 11(21):3714-18

Haroni S, Zaki Dizaji H, Bahrami H, Gonzalez Alriols M. 2021. Sustainable
production of cellulose nanofiber from sugarcane trash: a quality and
life cycle assessment. Industrial Crops & Products 173:114084

Pradhan D, Jaiswal S, Tiwari BK, Jaiswal AK. 2024. Choline chloride -
oxalic acid dihydrate deep eutectic solvent pretreatment of Barley straw
for production of cellulose nanofibers. International Journal of Biological
Macromolecules 281:136213

Pinto LO, Bernardes JS, Rezende CA. 2019. Low-energy preparation of
cellulose nanofibers from sugarcane bagasse by modulating the surface
charge density. Carbohydrate Polymers 218:145-53

Du H, Liu C, Zhang M, Kong Q, Li B, et al. 2018. Preparation and industri-
alization status of nanocellulose. Progress in Chemistry 30:448—62
Kekaldinen K, Liimatainen H, Niiniméki J. 2014. Disintegration of perio-
date-chlorite oxidized hardwood pulp fibres to cellulose microfibrils:
kinetics and charge threshold. Cellulose 21:3691-700

Liimatainen H, Visanko M, Sirvio JA, Hormi OEO, Niinimaki J. 2012.
Enhancement of the nanofibrillation of wood cellulose through sequen-
tial periodate-chlorite oxidation. Biomacromolecules 13:1592-97

Luo X, Wang Q, Liu W, Wu Y, Yang J, et al. 2024. Characterization and
safety assessment of bamboo shoot shell cellulose nanofiber: prepared
by acidolysis combined with dynamic high-pressure microfluidization.
Carbohydrate Polymers 335:122082

Canas-Gutiérrez A, Gdmez Hoyos C, Velasquez-Cock J, Gafan P, Triana
O, et al. 2024. Health and toxicological effects of nanocellulose when
used as a food ingredient: a review. Carbohydrate Polymers 323:121382
Stoudmann N, Schmutz M, Hirsch C, Nowack B, Som C. 2020. Human
hazard potential of nanocellulose: quantitative insights from the litera-
ture. Nanotoxicology 14:1241-57

Morais JPS, de Freitas Rosa M, de Brito ES, de Azeredo HMC, de
Figueirédo MCB. 2023. Sustainable pickering emulsions with nanocellu-
lose: innovations and challenges. Foods 12:3599

Copyright: © 2025 by the author(s). Published by
Maximum Academic Press on behalf of China

Agricultural University, Zhejiang University and Shenyang Agricultural
University. This article is an open access article distributed under

Creative Commons

Attribution License (CC BY 4.0), visit

https://creativecommons.org/licenses/by/4.0/.

Liang et al. Food Innovation and Advances 2025, 4(3): 352—362


https://doi.org/10.1039/D0TC02604B
https://doi.org/10.3390/foods12183512
https://doi.org/10.1016/j.lwt.2023.115673
https://doi.org/10.1016/j.lwt.2023.115673
https://doi.org/10.1021/acs.jafc.7b04754
https://doi.org/10.1021/acs.jafc.7b04754
https://doi.org/10.7506/spkx1002-6630-20220509-104
https://doi.org/10.1016/j.lwt.2024.116094
https://doi.org/10.1016/j.bcdf.2021.100288
https://doi.org/10.1016/j.bcdf.2021.100288
https://doi.org/10.1016/j.jfutfo.2022.03.013
https://doi.org/10.1016/j.jfutfo.2022.03.013
https://doi.org/10.1016/j.ijbiomac.2024.131490
https://doi.org/10.1016/j.ijbiomac.2024.131490
https://doi.org/10.1016/j.tifs.2021.10.023
https://doi.org/10.1016/j.tifs.2021.10.023
https://doi.org/10.1016/j.foodchem.2010.06.077
https://doi.org/10.1016/j.foodchem.2010.06.077
https://doi.org/10.1016/j.foodhyd.2018.07.035
https://doi.org/10.1111/1750-3841.16478
https://doi.org/10.3390/nano13091489
https://doi.org/10.3390/nano13091489
https://doi.org/10.1016/j.jsamd.2018.05.003
https://doi.org/10.1002/cssc.201801794
https://doi.org/10.1016/j.indcrop.2021.114084
https://doi.org/10.1016/j.ijbiomac.2024.136213
https://doi.org/10.1016/j.ijbiomac.2024.136213
https://doi.org/10.1016/j.carbpol.2019.04.070
https://doi.org/10.7536/PC170830
https://doi.org/10.1007/s10570-014-0363-7
https://doi.org/10.1021/bm300319m
https://doi.org/10.1016/j.carbpol.2024.122082
https://doi.org/10.1016/j.carbpol.2023.121382
https://doi.org/10.1080/17435390.2020.1814440
https://doi.org/10.3390/foods12193599
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Preparation of CNF
	Pretreatment
	Chemical treatment
	Enzymatic pretreatment
	Ionic liquid

	Mechanical treatments

	Application prospect of CNF in food-related fields
	Stabilizing agent in Pickering emulsions
	Edible food packaging
	Sustained release and delivery system
	Function food additives

	The challenges of CNF in food application
	Pollution and energy consumption
	Cytotoxicity

	Conclusions
	Authors contributions
	Data availability
	References

