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Chitin is an abundantly available polysaccharide and is the primary structural component of crustacean shells.
Nanochitin can be made by extracting chitin from crustacean shell waste (CSW) by depolymerization and
demineralization, then using various top-down and bottom-up approaches such as acid hydrolysis, ultra
sonication, grinding, microwave irradiation, and electrospinning. Nanochitin finds wide application in the food
industry due to its unique characteristics, including its small size, solubility, low density, high surface area,
superior chemical reactivity, low toxicity, biodegradability, biocompatibility, antioxidant activity, antimicrobial
properties, and excellent mechanical performance. In this paper, the recent advances in preparation methods of
nanochitin from CSW are reviewed. Food applications such as nanochitin’s ability to stabilize Pickering emul
sions, as a reinforcing agent in food films, improving saltiness perception of food, inhibition of starch retro
gradation, and lipid digestion are also discussed. This review will contribute to a deeper understanding of
nanochitin’s potential as a functional food ingredient.

1. Introduction
Chitin [(C8H13O5N)n] is a linear polysaccharide made up of N-acetyl2-amido-2-deoxy-D-glucose units linked by β(1 →4) bonds (Fig. 1)
(Austin et al., 1981). It is a major structural component of crab, lobster,
and shrimp exoskeletons. Crustacean shells are mostly composed of
chitin (20–30%), calcium carbonate (30–50%), proteins (30–40%),
lipids, and astaxanthin (<1%) (Dayakar et al., 2022; Joseph et al.,
2020). Every year, roughly 6 to 8 million tonnes of crustacean shell
waste are produced worldwide due to the continual increase in marine
product waste in recent years, and an increasing number of people have
begun to value marine waste (Yan & Chen, 2015). Therefore, crustacean
shells have increasingly become the most important commercial source
of chitin. However, extracting chitin from a crustacean shell is a chal
lenging task since crustacean exoskeletons are organized hierarchically
and contain crystalline α-chitin nanofibers and various proteins and
minerals (Nikolov et al., 2010). Chitin macromolecules, which combine
to form chitin nanofibers, are the basic units in crustacean shells. They
exist in the form of highly structured crystalline micro- and nanofibrils
with strong intermolecular and intramolecular hydrogen bonding. These

micro- and nanofibrils are encased in a protein matrix, resulting in chitin
protein fibers with sizes ranging from 50 to 300 nm. Then, this woven
network of planes, in which chitin micro- and nanofibrils are encased in
proteins and calcium carbonate, forms twisted or helicoidal stacking
sequences called a Bouligand structure (Das et al., 2016; Kumirska et al.,
2010). These chitin micro- and nanofibrils can be isolated using various
methods (top-down and bottom-up approaches) and used as a relevant
functional ingredient in various food applications, as discussed in this
review article.
Depending on the origin of chitin and under controlled extraction
conditions, it is feasible to extract chitin microfibrils in the form of
nanocrystals or nanowhiskers (100–800 nm in length and 6–60 nm in
width) and nanofibers (several μm in length and 10–100 nm in width) in
the most common alpha form (α) having alternating antiparallel chains
or beta form (β) that have parallel chains (Larbi et al., 2018; Salaberria,
Fernandes, et al., 2015; Joseph et al., 2020). Several studies have indi
cated the benefits of their distinctive characteristics, including their
small size, solubility, low density, high surface area, superior chemical
reactivity, low toxicity, biodegradability, biocompatibility, antioxidant
activity, antimicrobial properties, and excellent mechanical

Abbreviations: ChNCs, chitin nanocrystals; ChNFs, chitin nanofibers; ChNWs, chitin nanowhiskers; CNPs, chitin nanoparticles.
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Table 1
Review papers published on nanochitin preparation and applications up to now.
Title

Summary points (key findings)

References

Preparation, modification,
and applications of
chitin nanowhiskers: a
review

• ChNWs preparation methods are
emphasized mainly acid
hydrolysis, TEMPO oxidation,
partial deacetylation,
ultrasonication, electrospinning,
mechanical treatment, and
gelation
• ChNWs possess a reactive surface
that can be chemically modified
• ChNWs can be applied as
reinforcing polymer
nanocomposites, to prepare
scaffolds, hydrogels and wound
dressings, as adsorbents in
industry, water purification, for
protein immobilization,
transformation of bacteria by
exogenous genes, stabilization of
oil-in-water emulsion and
nematic gels, formation of
CaCO3/chitin-whisker hybrids
and as carbon precursors.
• Chitin must first be isolated from
shell waste by deproteinization,
demineralization, and
decolorization.
• ChNWs can be prepared by
strong acid hydrolysis, TEMPO
oxidation, partial deacetylation,
and mechanical disintegration.
• ChNWs can be used as potential
nanofillers in reinforcing
polymer nanocomposites
• ChNFs can be extracted by a
series of chemical treatments and
then subjected to mechanical
treatment (e.g., grinding).
• ChNFs can be chemically
modified by methods such as
deacetylation.
• ChNFs applications include the
production of optically
transparent nanocomposites,
chiral separation membranes,
and functional foods or drugs for
inflammatory bowel disease
patients
• Chitin nano-objects (ChNCs and
ChNFs) can be obtained by two
approaches: top-down and bot
tom-up.
• Top-down approach breaks
down the chitin fibrils from
native chitin into nanofibrils (e.
g., acid hydrolysis, TEMPO
oxidation, grinding, and highpressure homogenization).
• Bottom-up approach involves the
regeneration of nanochitin in the
form of ChNFs from chitin
solutions or gels using
appropriate methods (e.g.,
electrospinning).
• Extraction of nanochitin from
crustaceans’ exoskeletons
involves chitin extraction via the
demineralization and
deproteinization of crustacean
shell waste, and finally, the
isolation of nanochitin.
• The main process for isolating
ChNWs from extracted chitin is
acid hydrolysis and TEMPO
oxidation.

Mincea et al.
(2012).

Fig. 1. Illustration of the chemical structure of chitin.

performance (Jahed et al., 2017; Liu et al., 2016). These characteristics
pique interest as functional and reinforcing agents in various industries
(e.g., food, medical, and cosmetics) (Joseph et al., 2020; Zubillaga et al.,
2020). Recent research has shown that ChNCs were successfully
employed to stabilize Pickering oil-in-water emulsions, such as acrylated
soybean oil, soybean oil, and epoxidized soybean oil (Cheikh et al.,
2021). According to several research on digestion systems conducted in
vitro, nanochitin can inhibit lipid digestion (Zhou et al., 2020, 2021),
thus acting as dietary fiber. Other interesting food applications of
nanochitin include saltiness enhancement (Somsak et al., 2021), as a
reinforcing nanofiller in various packaging films (Sahraee et al., 2020),
which are described in detail in this review article.
For the preparation of nanochitin from the extracted native chitin,
the most common strategy is the ‘top-down’ approach, which involves
chemical or physical procedures for isolating nanostructured crystals or
fibrils. For example, strong acid hydrolysis is one of the most widely
used conventional methods for isolating ChNCs (Marchessault et al.,
1959; Huang et al., 2015; Gopi et al., 2016). ChNFs, on the other hand,
have been produced via a mechanical or ultrasonic method (Ifuku et al.,
2009; Salaberria, Fernandes, et al., 2015; Pang et al., 2017; Zou et al.,
2018). These methods, however, require high temperatures and long
reaction times, implying substantial energy consumption. Therefore,
several researchers have come up with new eco-friendly and sustainable
alternatives such as weak acid hydrolysis (Liu et al., 2020), and micro
wave irradiation (Fernández-Marín et al., 2021). Despite these ad
vances, a significant effort still has to be made to develop novel, simple,
and effective processing methods for isolating nanochitin without severe
degradation and at a reasonable cost.
Nanochitin’s preparation and application have been documented in
a few previous reviews (Table 1). However, they were mostly focused on
conventional nanochitin preparation methods and lacked recent ad
vancements and innovative developments. Furthermore, there were
very few food applications of nanochitin in the earlier reviews. There
fore, in this review, recent advances in nanochitin preparation are dis
cussed, and current nanochitin applications and mechanisms in the food
industry are reviewed up to date. This article will provide an overview of
the most prevailing nanochitin preparation methods as well as the vast
potential of nanochitin in the food industry, covering the mechanisms of
Pickering emulsions, nanocomposite films, saltiness enhancement, in
hibition of starch retrogradation, and lipid digestion, which, at this
stage, has rigorously sorted out prior works, contributing to a better
understanding of previous constraints in the food industry and providing
future suggestions.

Chitin whiskers: an
overview

Chitin nanofibers:
preparations,
modifications, and
applications

Different routes to turn
chitin into stunning
nano-objects.

Extraction of nanochitin
from marine resources
and fabrication of
polymer
nanocomposites: recent
advances

2. Chitin isolation
Chitin must be extracted from the wastes of living animals before it
can be used to make nanochitin. Chitin does not occur alone in these
wastes, but it always coexists with other components such as proteins,
minerals, lipids, and carotenoids (Dhanabalan et al., 2021). Crustacean
exoskeletons (shrimp, crab, and crawfish), cockroach wings, insect cu
ticles, silkworm crysalides, potato beetles, and fungal cell walls, as well
as some diatoms, contain chitin (Ghorbel-Bellaaj et al., 2012; Abdel-

Zeng et al.
(2012)

Ifuku and
Saimoto
(2012)

Salaberria,
Labidi, and
Fernandes
(2015)

Joseph et al.
(2020)

(continued on next page)
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which employ strong bases and acids (Dhanabalan et al., 2021). How
ever, the usage of these chemicals causes depolymerization of chitin,
affecting polymeric and physical properties such as degree of acetyla
tion, viscosity, and molecular weight (Younes et al., 2012). To overcome
these concerns with chemical treatments, different microorganisms and
proteolytic enzymes are being employed to remove protein and mineral
content (Dayakar et al., 2021; Dhanabalan et al., 2021). However, the
main drawback of microbial and enzymatic methods for chitin recovery
is that they are inefficient for removing residual protein and minerals to
the required commercial scale (Dhanabalan et al., 2021). After the chitin
has been extracted, it is broken down into small powders, which can
then be utilized to prepare nanochitin using different top-down and
bottom-up approaches. The procedure for extracting ChNCs from
shellfish is depicted in Fig. 2.

Table 1 (continued )
Title

Recent progress in
preparation and
application of
nanochitin materials.

Advances in the
preparations and
applications of
nanochitins.

Summary points (key findings)
• ChNFs can be obtained by
mechanical methods such as
grinding and high-pressure
homogenization.
• Nanochitin can be used as biobased reinforcing agents (fillers)
to enhance mechanical and bar
rier properties of bionanocomposites.
• Nanochitin can be prepared via
two routes: “top-down” and
“bottom-up.”
• Top-down method mainly
includes acid hydrolysis,
TEMPO-mediated oxidation,
mechanical treatment, and
others.
• Bottom-up approach involves
dissolution of chitin in a limited
solvent to form chitin solution,
and then nanochitin is formed by
electrospinning, self-assembly,
and dissolution–regeneration.
• Applications of nanochitin
include biomedicine, food
applications, water treatment,
green electronic materials,
enzyme immobilization carriers,
cotton textile materials,
cosmetics, and others.
• Top-down and bottom-up ap
proaches can prepare nanochitin.
• Nanochitin food applications
include lipid absorption
(enhanced satiety), saltiness
enhancement, Pickering
emulsions, and food packaging.

References

Yang et al.
(2020)

3. Nanochitin preparation methods
Nanochitin can be prepared by top-down and button-up approaches
(Yang et al., 2020). Top-down methods that break down the starting
bulk material from native chitin resources are commonly used to pro
duce nanochitin, such as acid hydrolysis (Jung et al., 2019; Marchessault
et al., 1959), TEMPO oxidation (Fan et al., 2008a; Zhang et al., 2016),
ultrasonication (Fan et al., 2008b; Zou et al., 2018), grinding (Ifuku
et al., 2009; Ifuku et al., 2010), high-pressure homogenization (Peng
et al., 2019; Wu et al., 2014), and microwave irradiation (FernándezMarín et al., 2021). These methods can be used separately or in com
bination (Liu et al., 2018; Shankar et al., 2015). Among these methods,
acid hydrolysis is the most popular conventional method to isolate
nanochitin as it is relatively easy, requires less machinery, and is suitable
for mass production at an industrial scale. However, acid hydrolysis
under mild conditions requires high temperature and long reaction
times, which implicates high-energy consumption. Another popular
method for preparing nanochitin is TEMPO-mediated oxidation which is
easily controllable by the amount of NaClO added, and the yield of
ChNCs can reach up to 90% (Salaberria, Labidi, and Fernandes, 2015).
In addition, the N-deacetylation of chitin does not take place during the
TEMPO reaction. Furthermore, zwitterionic ChNCs can be prepared by
combining TEMPO oxidation and partial deacetylation method, fol
lowed by substantial mechanical disintegration (Star Burst method)
(Ifuku et al., 2015). Such novel ChNCs containing both COOH and NH2
groups could disperse successfully in both acid and basic conditions,
making them likely to have a wide range of applications in various

Serventi et al.
(2021).

ChNWs: chitin nanowhiskers, ChNCs: chitin nanocrystals, ChNFs: chitin
nanofibers.

Rahman et al., 2015). However, crab and shrimp shell wastes are
currently the most important sources of chitin in the industry (Dayakar
et al., 2021). To isolate chitin, three methods can be used: chemical,
enzymatic, and biological (microbial) extraction. The chemical method,
which is the most commercialized method to isolate chitin from shellfish
waste, involves steps such as deproteinization and demineralization,

Fig. 2. Schematic illustration of the procedure for extracting α-ChNCs from shrimp shells and β-ChNCs from cuttlefish bone.
Reprinted (adapted) with permission from Jung et al. (2019). Copyright © 2019 American Chemical Society.
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fields. However, it should be noted that Ifuku’s group’s pioneering work
had some limitations. First, their method produced a low yield of
zwitterionically charged ChNF (~38%). Second, they used the TEMPO/
NaBr/NaClO oxidation system, which operates at pH 10, causing severe
depolymerization of the chitin molecules under alkaline conditions.
Although these limitations were overcome by the introduction of the
TEMPO/NaClO/NaClO2 oxidation system, which operates under weakly
acidic conditions, resulting in a higher yield (~85%) (Pang et al., 2017).
Another approach for preparing nanochitin is the bottom-up (selfassembling generative) route, which involves the regeneration of
nanochitin in the form of chitin nanofibers from chitin solutions or gels.
In this approach, self-assembled ChNFs can be prepared by electro
spinning (Zhong et al., 2021), self-assembly (Duan et al., 2015), and
dissolution-regeneration (Huang et al., 2014). However, the majority of
these methods require an ion liquid or organic solvent to dissolve chitin.
For example, in electrospinning, chitin has to be dissolved in highly
toxic solvents like 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Street
et al., 2018), or formic acid, which is an organic solvent (Jung et al.,
2018), or 1-ethyl-3-methylimidazolium acetate [C2mim][OAc], an ionic
liquid (IL) (Shamshina et al., 2017). In addition, before dissolving chitin
into these solvents, the molecular weight of the chitin has to be reduced
using methods such as using Co60 gamma-ray, microwave irradiation,
ultrasonic treatments and other methods, which is energy consuming.
Despite these limitations, electrospinning is simple and allows obtaining
very long ChNFs with a uniform width. It also eliminates the use of harsh
chemicals, as in case of strong acid hydrolysis, and reduces on the time it
takes to fabricate ChNFs. Self-assembly is another novel method for selfassembling biogenic ChNFs in vitro under mild conditions. This method
is simple, easy, and produces high-quality ultrafine nanofibers.
Furthermore, the obtained ChNFs retain high crystallinity, deacetylation
is not observed, and the mild conditions employed to produce these
nanofibers do not cause depolymerization (Zhong et al., 2010). More
over, Tamura et al. (2006) reported a calcium-saturated methanol (Camethanol) solvent which dissolves chitin at molecular level under mild
conditions without strong base or acid. Recently, Oh et al. (2016) using
the modified Ca-methanol solvent developed a chemical-etching free
method to disintegrate chitin to nanochitin in a self-assembly approach.
The nanochitin obtained was minimally damaged and maintained the
natural prototypal hierarchical structure of chitin, i.e., chiral nematic
phase, due to the mild conditions of the process. Thus, self-assembly
method using Ca-methanol solvent is one of the most mild bottom-up
approach to prepare nanochitin.

length of 200 ± 20 nm and a width of 8 ± 1 nm and they could be
concentrated into a liquid crystalline phase, and at a certain concen
tration, they could be self-assembled into a cholesteric liquid crystalline
phase. Since then, researchers have continued to acid hydrolyze chitin in
a similar manner to this acid hydrolysis condition (Druzian et al., 2019;
Gopi et al., 2016; Jung et al., 2019; Oun & Rhim, 2017; Shankar et al.,
2015; Xu et al., 2018). Other than hydrolysis in HCl solutions, H2SO4 has
been used to prepare nanochitin (Qin et al., 2016; Ji et al., 2017; Huang
et al., 2015; Oun & Rhim, 2018).
The use of strong acids like HCl and H2SO4 has various drawbacks or
bottlenecks that prevent nanochitin from being commercialized and
industrialized (Trache et al., 2017), such as transportation concerns of
strong concentrated acids, corrosion of equipment and workers, the high
cost of acid as well as a significant water load and harmful contaminant
in the environment. Therefore, in recent years, researchers have been
trying to use facile and eco-friendly methods to prepare chitin nano
particles. Liu et al. (2020) isolated ChNCs from Metapenaeus ensis shell
using solid maleic acid hydrolysis. The obtained ChNCs were rod-like
and the yield ranged from 1.59 to 10.42%, with particle sizes ranging
from 397.8 to 170.6 nm and surface carboxyl group content ranging
from 0.04 to 0.173 mmol/g. Maleic acid has several advantages over HCl
and H2SO4, such as high storage safety, low transportation costs, envi
ronmental friendliness and minimal equipment corrosion, higher boiling
point (effective acid hydrolysis can be achieved at temperatures about
100 ◦ C without boiling), and probable –COOH surface modification
during maleic acid hydrolysis (Aklog, Nagae, et al., 2016; Yu et al.,
2017).
3.1.2. TEMPO-mediated oxidation
TEMPO, or 2,2,6,6-tetramethylpiperidine 1-oxyl, is a radical catalyst
that belongs to the niroxyl radical family. The primary hydroxyl groups
at the C6 position of chitin are preferentially oxidized to carboxylate
groups by TEMPO-mediated oxidation (Fan et al., 2008a). Chitin is
transformed into water-soluble polyuronic acid and water-insoluble
particles (nanochitin) during oxidation, and the amount of NaClO in
the system can control the composition of the two portions (Zeng et al.,
2012). The TEMPO/NaClO/NaBr and TEMPO/NaClO2/NaClO systems
are commonly employed. In addition, the TEMPO/enzyme oxidation
system, which comprises of TEMPO/enzyme/oxygen and in which en
zymes play a catalytic role, can be employed to prepare nanochitin. The
TEMPO/NaBr/NaClO oxidation system operates at pH 10, which causes
severe depolymerization of the chitin molecules, resulting in the low
yield of nanochitin (~38%) (Ifuku et al., 2015). Therefore, the TEMPO/
NaClO/NaClO2 oxidation system was developed, which can be operated
at weakly acidic conditions and the yields of nanochitins have been
effectively improved (~85%) (Pang et al., 2017).
Fan et al. (2008a) were the first to use TEMPO-mediated oxidation
(TEMPO/NaClO/NaBr system) to prepare ChNCs from crab shell
α-chitin. The α-chitin was first suspended in water containing TEMPO
and NaBr, and then a suitable amount of NaClO solution was added to
begin the temperature-mediated oxidation reaction. Using a pH-Stat
titration system, the pH of the slurry was maintained at 10 at room
temperature by adding 0.5 M NaOH continuously. Finally, when no
consumption of the alkali was observed, a small amount of ethanol was
added to the mixture to stop the oxidation process. This method has
since been adopted by several researchers to prepare nanochitin (Huang
et al., 2018; Ifuku et al., 2015; Zhang et al., 2016). However, this method
could only be done under high alkaline conditions and therefore had few
limitations, such as depolymerization resulting in low yield of chitin
nanoparticles and formation of aldehyde group as intermediaries on the
oxidized nanoparticle (Jiang, Yu, et al., 2018). Therefore, for the first
time, Pang et al. (2017) used the TEMPO/NaClO2/NaClO system under
weakly acidic conditions to produce ChNFs with a length of 200–400 nm
and a width of 5–10 nm. In this system, NaClO and NaClO2 are used in
place of NaBr and NaClO, and NaClO2 is the main oxidant instead of
NaClO. Here the chitin was first suspended in 0.05 M sodium phosphate

3.1. Top-down methods
3.1.1. Acid hydrolysis
The main process for preparing nanochitin is based on acid hydro
lysis. During acid hydrolysis, disorganized and weak lateral structured
portions of chitin are preferentially hydrolyzed and dissolved in the acid
solution, while water-insoluble, highly crystalline residues with greater
acid resistance remain intact. Thus, nanochitin is produced as a result of
acid hydrolysis, which removes disordered and low lateral ordered
crystalline defects (Favier et al., 1995; Habibi et al., 2010).
In 1959, Marchessault et al. (1959) reported for the first time a
method for preparing chitin crystallite particle suspension based on the
preparation of cellulose crystallite suspension. In this method, purified
chitin was first treated for 1 h under reflux in 2.5 N hydrochloric acid
(HCl) solutions; the excess acid was decanted, and then distilled water
was added to prepare the suspension. Revol and Marchessault (1993)
and Li et al. (1996) prepared colloidal suspensions of chitin crystallites
by acid hydrolysis at boiling temperatures. In this method, 3 N HCl was
used to hydrolyze pure chitin at a boil (104 ◦ C) for 90 min; the sus
pensions were diluted with deionized water following acid hydrolysis,
centrifuged, and the supernatant decanted; this procedure was repeated
multiple times until the suspension spontaneously became colloidal. The
crystallites that were formed were rodlike particles with an average
4
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buffer (pH 6.86) containing a certain amount of TEMPO and NaClO2,
followed by adding NaClO solution and sealing the flask. The slurry was
allowed to oxidize under certain conditions, followed by ultrasonic
treatment to obtain ChNFs (Pang et al., 2017). Jiang, Yu, et al. (2018)
used a similar method to create ChNCs with a 200–600 nm length and
width of 6–15 nm using the TEMPO/ NaClO2/NaClO system at pH 6.8.
Recently, a new system has been developed to oxidize chitin using
laccase and TEMPO (Jiang, Ye, et al., 2018). Here, without using any
chlorine-containing oxidant, the O2/laccase/TEMPO system was used to
oxidize C6-hydroxyl groups on the surface of crystalline chitin micro
fibers to C6-carboxyl groups in a selective manner to prepare ChNCs by
associating with subsequent mechanical disintegration. There was no
substantial deacetylation or crystal size changes throughout the oxida
tion, and rod-shaped ChNCs with an average width of 24 ± 17 nm and
length of 480 ± 200 nm were produced.

same properties as ILs, such as good solvent capacity and low vapor
pressure (Mota-Morales et al., 2018). However, compared to ILs, DESs
are typically less expensive, more readily available, and easier to pre
pare (Abbott et al., 2004; Hong et al., 2019). In addition, DESs also have
many superior properties, including a simple synthesis process, non
toxicity, recyclability, and biodegradability. DESs have been investi
gated as a sustainable and configurable chemical for the green
processing of polysaccharides due to their capability to interact effi
ciently with the hydrogen bond systems of carbohydrates and biomasses
(Hong et al., 2018; Zdanowicz et al., 2018).
Sharma et al. (2013) reported for the first time that α-chitin could be
dissolved in DESs containing mixtures of choline chloride-thiourea (CCT
1:2), choline chloride-urea (CCU 1:2), chlorocholine chloride-urea
(CCCU 1:2), choline bromide-urea (CBU 1:2), and betaine
hydrochloride-urea (BHCU 1:4) by conventional heating, microwave
heating, and ultrasound-assisted heating. Further research carried out
by Mukesh et al. (2014) found that DESs (choline chloride–thiourea at
ratio 1:2) could be used to prepare ChNF of width 25–45 nm and length
162–450 nm. Similarly, ChNCs were produced using acidic DESs pre
pared from choline chloride and five distinct organic acids (lactic acid,
oxalic acid, citric acid, malonic acid, and DL-malic acid), having an
average diameter of 42 nm to 49 nm and a length of 257 nm to 670 nm in

3.1.3. Deep eutectic solvent (DES) hydrolysis
DESs are a type of green solvent made by combining a hydrogen
bond donor (HBD) and a hydrogen bond acceptor (HBA) at a specific
temperature (Fig. 3a). The melting point of the resulting clear solution is
lower than that of its individual constituents. DESs are frequently
referred to as ionic liquid (IL) analogs because they share many of the

Fig. 3. Illustration of (a) typical deep eutectic solvent composition, left – HBA, right – HBD; (b) ultrasound-assisted ChNC production in organic acid DESs.
(b) is reprinted from Yuan et al. (2020), © 2020 Elsevier Ltd., with permission from Elsevier.
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an ultrasound-assisted process (Fig. 3b) (Yuan et al., 2020). In another
study, choline chloride and zinc chloride DES (ChClZnCl2 DES with a
mole ratio of 1:2) was used as a green and non-volatile solvent to prepare
acetylated and esterified ChNC in a one-step reaction (Hong et al.,
2019). Similarly, DES prepared from betaine chloride and ferric chloride
hexahydrate (molar ratio of 1:1) have been used for the fabrication of
ChNCs with high yield (~88.5%) (Hong et al., 2020).

fibrillation (Ifuku & Saimoto, 2012). The grinding method involves
breaking down the structural levels using shearing forces generated by
two countersense rotating grinding stones (Missoum et al., 2013). The
chitin pulp is passed between two grinding stones, one static and the
other rotating at 1500 rpm. An acidic condition is necessary for fibril
lating the chitin efficiently during the grinding process (Fan et al.,
2008b). When acid is introduced to chitin, a small proportion of amino
groups becomes cationized, promoting chitin fibrillation into nanofibers
by electrostatic repulsion. Ifuku et al. (2010) fibrillated the bundles of
ChNF by passing a slurry of isolated dry chitin from crab shells through a
grinder with a concentration of 1% wt. with and without acetic acid. A
thick ChNF bundles could be seen due to the strong hydrogen bonding
on the chitin surface, making it difficult to fibrillate without acetic acid.
However, a single grinding treatment successfully fibrillated chitin
slurry under the influence of acetic acid, yielding ChNF with an average
width of 10–20 nm. Similarly, Riehle et al. (2019) added acetic acid to
facilitate chitin disintegration (pH 4.0); the chitin powder was first
deacetylated by putting into a NaOH aqueous solution bath and
refluxing for 6 h, followed by grinding in a stone grinder at a rotation
speed of 1500 rpm to obtain ChNF with an average diameter of
5.4 ± 1.1 nm. Chen et al. (2018) also obtained individual ChNF with a
width of approximately 20–30 nm by using grinding treatment under
acidic conditions (with 1% wt acetic acid, pH 3–4). Li et al. (2017)
extracted ChNF with an average diameter of 20–100 nm by passing
chitin suspension from crab shells through a grinder for 20 times with
the grinding stone at 1800 rpm. Although the mechanical treatment
under acidic conditions is the key to preparing ChNFs, the acidic con
dition may cause substantial challenges for applications such as in
biomedical materials, electronic devices, and nanocomposites, due to
the acid sensitivity of these materials. Therefore, Ifuku et al. (2011)
reported a method to prepare ChNFs from prawn shells with a uniform
width of approximately 10–20 nm by simple grinding treatment under
neutral conditions. Since prawn shells have a finer structure than crab
shells, prawn shell nanofibrillation is easier than crab shell nano
fibrillation, allowing ChNFs to be created under neutral pH conditions.

3.1.4. Partial deacetylation method
Partial deacetylation increases the C-2-primary amino groups on the
crystalline surface of chitin, contributing to mainly individualized
nanochitin due to increased repulsive electrostatic forces between chitin
molecular chains (Fan et al., 2010). Using this method, individualized
ChNW with average length and the cross-sectional width of
250 ± 140 nm and 6.2 ± 1.1 nm, respectively, were prepared by partial
deacetylation using NaOH (33%) at 90 ◦ C for 2–4 h, then disintegrating
in water at pH 3–4 (Fan et al., 2010). Similarly, Chen et al. (2018) used
partial deacetylation method under similar conditions followed by
grinding treatment to prepare individualized ChNF with approximately
20–30 nm width. Riehle et al. (2019) also partially deacetylated chitin
powder by putting into NaOH aqueous solution bath and refluxing for
6 h, followed by subjecting it to homogenization in a stone grinder under
acidic conditions (pH 4) to produce ChNF with an average diameter of
5.4 ± 1.1 nm.
Ifuku et al. (2015) combined partial deacetylation method and
TEMPO oxidation to obtain novel ChNC from chitin with both anionic
(-COO− ) and cationic (-NH+
3 ) groups existing together on the ChNC
surface; then, high-pressure waterjet mechanical treatment was applied
to obtain zwitterionic ChNC with an average length and width of 250
and 15 nm, respectively. Zwitterionic ChNC has the advantage of being
able to nanodisperse in water both under alkaline and acidic conditions.
Several other researchers have also used the aforementioned combina
tion methods (partial deacetylation and TEMPO oxidation) followed by
mechanical disintegration to obtain nanochitin of varying length and
width (Pang et al., 2017; Jiang, Yu, et al., 2018).
3.1.5. Microwave irradiation
Microwave irradiation is a new environmentally friendly and sus
tainable method to extract nanochitin. It entails applying an electro
magnetic field to a polar solvent sample. The dipoles of the molecules try
to align themselves with the electromagnetic field, creating friction and
collisions that raise the temperature (Rodrigues et al., 2020; Teo & Idris,
2014). For the first time, Fernández-Marín et al. (2021) reported the use
of microwave irradiation method to prepare nanochitin from different
sources (shrimp, lobster, and squid). Nanochitin from lobster and shrimp
showed characteristic rod-like morphology with shorter length and
widths (lobster: 14.74 ± 62.50 nm in length and 41.62 ± 10.92 nm in
width; shrimp: 386.12 ± 47.49 nm in length and 42.16 ± 4.62 nm in
width). On the other hand, nanochitin from squid samples had a lengthy
and fibrillar structure with a length of almost 900 nm and an average
diameter of 19.82 ± 1.16 nm. Microwave-assisted extraction also
resulted in a significant reduction in reaction time. The time can be
decreased to 10–30 min depending on the chitin source, compared to
90–180 min using conventional chemical acid hydrolysis, and the HCl
concentration can be reduced from 3 M to 1 M.

3.1.6.2. Ultrasonication. Ultrasound is a typical technique for the pro
duction of nanostructured materials. Ultrasonication produces highenergy ultrasound, which causes cavitation, which refers to the pro
cess of formation, growth, and violent collapse of cavities in water (Kim
et al., 2013). Cavitation produces energy in the range of 10–100 kJ/mol,
which is comparable to the energy level of hydrogen bonding (Tischer
et al., 2010). Thus, ultrasonication is particularly effective at breaking
up the strong chitin inter fibrillar hydrogen bonding, resulting in the
formation of chitin nanoparticles (Rejinold et al., 2012; Tischer et al.,
2010). To generate nanochitin, ultrasonication can be employed alone
or in combination with other treatment methods such as acid hydrolysis,
TEMPO-mediated oxidation, and DES hydrolysis (Fan et al., 2008b; Zou
et al., 2018; Xu et al., 2018; Liu et al., 2020; Jiang, Yu, et al., 2018; Yuan
et al., 2020). The characteristics and structure of the generated chitin
nanoparticles are affected by the raw material source, as well as the time
and intensity of ultrasound (Bamba et al., 2017).
Fan et al. (2008b) used a simple ultrasonication method under acidic
conditions (pH 3 to 4) without any chemical modifications to prepare
ChNF with cross-sectional width of 3–4 nm and at least a few microns in
length from squid pen β-chitin. However, this approach failed to produce
ChNFs from crab α-chitin, perhaps due to the increased crystallinity,
antiparallel structure, and larger intermolecular interactions of α-chitin
compared to β-chitin (Fan et al., 2008b). In another approach, Zou et al.
(2018) prepared ChNF with high stability from chitin gel with lowintensity ultrasonication. In this method, the chitin was first dissolved
and made into a gel, weakening the intramolecular hydrogen bonds.
Then ultrasound treatment was given, which caused cavitation,
breaking the relatively weak Van der Waals forces and hydrogen
bonding, resulting in the formation of ChNF.

3.1.6. Mechanical treatment
3.1.6.1. Grinding method. Mechanical disintegration using a pair of
blenders or grinders is a simple and effective method for producing
homogeneous nanochitin in large quantities. Crustacean exoskeletons
are composed of α-chitin nanofibers and a variety of proteins and min
erals that form a fine hierarchical structure (Chen et al., 2008). Because
ChNFs are wrapped in proteins and minerals, they can be separated by
removing these matrix components and then grinding them for
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3.1.6.3. High-pressure homogenization. High-pressure homogenization
refers to applying extremely high pressure to fluids to split dispersed
particles into very small sizes (Fig. 4). It is a rapid, versatile, and envi
ronmentally sustainable method for obtaining nanochitin on a large
scale. Wu et al. (2014) reported a high-pressure homogenization process
under acidic conditions to produce ChNF from crab α-chitin with an
average diameter of 20 nm. Here, the pure chitin was first dispersed in
deionized water under acidic conditions (pH 4.0), and the mixture was
then processed through a high-pressure homogenizer to produce ChNF.
Similarly, Salaberria, Fernandes, et al. (2015) prepared ChNF by highpressure homogenization from yellow lobster wastes with a uniform
width (<100 nm) and high aspect ratio. In this method, chitin was first
dispersed in distilled water at 1% wt (w/v) and pre-treated using an
Ultra-Turrax homogenizer followed by ultrasonic treatment; the chitin
suspension was then passed through the dynamic high-pressure ho
mogenizing valve to obtain ChNF. Peng et al. (2019) also used highpressure homogenization to successfully produce ChNW with a width
of 10 to 50 nm and a length of around 800 nm. Here, the chitin was first
treated with 1 M HCl and 1 M NaOH to remove proteins and mineral
salts, followed by partial deacetylation in 33% wt NaOH solution and
finally homogenizing under high pressure. Liu et al. (2018) prepared
nanochitin by mechanical grinding and high-pressure homogenization,
which resulted in ChNF with a width of 80–120 nm and length exceeding
1 μm. However, after H2O2 hydrolysis, the width and length of ChNF
were scaled down to about 40 ± 20 nm and 350 ± 150, respectively, to
form ChNC. In another method, Mushi et al. (2018) used high-pressure
homogenization and chitosan addition (10% wt chitosan was used as a
sacrificial polymer) to prepare ChNF with length 400 to 700 nm and
width 4–6 nm. The inclusion of chitosan in the homogenization process
allows ChNF to be completely individualized. Chitosan binds to ChNFs,
increasing colloidal suspension stability and electrostatic repulsion
forces.

Fig. 5. Schematic illustration of (a) ACC system using a pair of water jets. (b)
Inner structure of ball-collision chamber of Star Burst system.
(b) is reprinted from Ifuku et al. (2012) under license CC BY 3.0.

10–20 nm width from α-chitin powder from crab shells. Recently, Ye
et al. (2021) used the ACC method combined with TEMPO-mediated
oxidation to create a mechano-chemistry approach for synthesizing
individualized ChNF with an average length of 492.42 ± 206.44 nm
after 30 passes. Ishida et al. (2021) also prepared ChNF with an average
width and length of 10 ± 6 nm and 2300 ± 1000 nm, respectively, by
nano-pulverization using an ACC system with 200 MPa of ejecting
pressure and 60 passes of the repeated cycle, respectively.
3.1.6.4.2. Star Burst method. Another method based on HPWJ
technology is Star Burst system which is a novel water jet atomizing
system with super high pressure. In this method, a hydraulic piston

3.1.6.4. High-pressure water-jet (HPWJ) system
3.1.6.4.1. Aqueous counter collision (ACC) method. ACC method
employs HPWJ system to disintegrate chitin into nanochitin. In ACC
method (Fig. 5a), under high pressure of 50–270 MPa, a liquid suspen
sion of chitin is expelled from a pair of nozzles, forming a pair of jets
(Kondo, 2012). Therefore, the chitin sample is downsized by repeated
collision of the ejected sample by changing the number of ejecting steps
(=passes) and the desired ejecting pressure (Kose & Kondo, 2011). Using
this method, Kose and Kondo (2011) successfully prepared ChNF with

Fig. 4. Schematic illustration of high-pressure homogenization method to prepare nanochitin from native chitin.
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compresses the chitin slurry, which is then ejected from a nozzle at high
pressure (245 MPa) and collides with a ceramic ball in a chamber to
atomize the chitin (Fig. 5b). Ifuku et al. (2012) prepared ChNF with an
average width of 16.5 nm from dry chitin powder by nanofibrillation
using a Star Burst instrument employing a HPWJ system after 10 passes
under acidic conditions (pH 3).
Dutta, Yamada, et al. (2013) also prepared ChNF using Star Burst
method from dry chitin powder; the thickness decreased and mechanical
properties increased as the number of passes increased up to 30, but
further treatment did not cause significant changes to the ChNF pre
pared. They further prepared individualized ChNF with a 3–4 nm crosssectional width from dry squid pen β-chitin powder using this method;
the nanofiber became thinner up to 10 passes, but further treatment,
above 30 passes, spoiled the nanofiber length (Dutta, Izawa, et al.,
2013). Aklog, Egusa, et al. (2016) prepared ChNF from shells of Chio
noecetes opilio (red snow crab) using Star Burst method. Here, under high
pressure of 200 MPa, the slurry was expelled from a tiny nozzle with a
diameter of 100 μm, and this mechanical treatment was repeated for 1,
5, 10, 30, and 50 cycles. The organization was partially disrupted, and
nanofibers could be seen after the slurry was treated once by the Star
Burst system due to the high mechanical load. The width of the fibers
reduced as the number of passes increased due to fibrillation of the
protein/ChNF bundle. As a result, red snow crab shells were successfully
used to produce a protein/CaCO3/chitin nanofiber complex. Aklog et al.
(2017) applied grinding pretreatment to chitin from crab shells and
studied its effect on the preparation of ChNF using Star Burst method;
the results showed that single grinder pretreatment could reduce the
number HPWJ treatments needed using Star Burst method, which would
decrease the production cost of ChNF. Similarly, Kawata et al. (2016)
crushed β-chitin suspension (pH 3) with a grinder, followed by passing
the suspension through HPWJ system (Star Burst system) and obtained
ChNF with an average diameter of about 20 nm.

it: a high-voltage power supply, a spinneret (a metallic needle), and a
collector (a grounded conductor) (Li & Xia, 2004). The spinneret is
attached to a syringe that contains the polymer solution (or melt).
Electrospinning involves applying a high voltage to the polymer solution
to create electrically charged jets. These jets dry to form nanofibers,
which are collected as a nonwoven fabric on a target. For successful
electrospinning, it is required to select the right solvent system. The
solvent plays two important roles during electrospinning (Ohkawa et al.,
2004). One is to solvate the polymer molecules so that they can be
formed into an electrified jet. The other is to carry the solvated polymer
molecules towards the collector, then vaporize quickly to leave the
polymer fibers. Ohkawa et al. (2004), for the first time, prepared pure
chitosan fibers by an electrospinning technique. A variety of acidic
media, including dilute hydrochloric acid, neat formic acid, acetic acid,
trifluoroacetic acid, and dichloroacetic acid were used to determine the
best solvent for electrospinning chitosan.
The electrospinning method can be used to produce ChNFs, and the
morphology of electrospun chitin nanofibers varies depending on the
concentration of chitin solution utilized (Min et al., 2004). In the pres
ence of a strong electric field, the liquid of the chitin solution will form a
Taylor cone, with the tip extending to form uniform and elongated
ChNFs. Chitin is insoluble in the majority of common solvents, including
water, alkaline and acidic solutions, and organic solvents, and can only
be dissolved in particular solvents, which limits its application in elec
trospinning (El Knidri et al., 2018). Therefore, before electrospinning,
the chitin is usually dissolved in highly toxic solvents like HFIP. Before
dissolving, the molecular weight of the chitin is commonly reduced
using Co60 gamma-ray (Min et al., 2004), microwave irradiation, ul
trasonic treatments (Tura et al., 2008), and other methods. In addition,
some researchers have used acid and ultrasonic treatments to prepare
the chitin suspension before electrospinning or combining with other
composites for electrospinning.
Street et al. (2018) prepared chitin solutions in HFIP solvent and
mixed them until they were completely homogeneous. Then, the chitin
solutions were electrospun using the air gap electrospinning method at
17 kV, with a spacing between needle tip and collector of 10 cm, and a
flow rate of 1.0 mL/h. The results show that the tensile strength of ChNF
improved by 300% compared to randomly obtained fibers. In addition,
the aligned nanofiber chitin mats showed a 400% increase in piezo
electric response. Jung et al. (2018) dissolved β-chitin extracted from
cuttlefish bone in formic acid as a solvent and investigated its electro
spinnability, finding that when β-chitin was blended with poly(ethylene
oxide) (PEO), the electrospinnability increased significantly. The fiber
diameter of the blended β-chitin/PEO nanofibers was around 400 nm,
and it decreased after soaking in water to remove the PEO. Other than
toxic solvents such as HFIP, 1-ethyl-3-methylimidazolium acetate
[C2mim][OAc], an ionic liquid (IL), can fully dissolve crustacean shells
and spin fibers and films directly from the extract solution (Qin et al.,
2010). Shamshina et al. (2017) reported multi-needle electrospinning of
chitin using the ionic liquid [C2mim][OAc] to address the need for
biopolymer electrospinning from ionic liquids to be scaled up to prac
tical volumes. Here, the electrospun chitin nanofiber was obtained by
first extracting the chitin from raw shrimp shells using an IL, and then
coagulating it in an antisolvent to remove solids, salts, and proteins. The
chitin nanofibers generated using this approach had an average diam
eter of 22 ± 7 nm. Recently, Zhong et al. (2021) propionylated chitin to
enhance its solubility in green solvents such as ethanol and water, and
used electrospinning with PEO as a co-spinning aid to produce nano
fibers and nonwoven mats. The results showed that fibers with up to
97% chitin propionate (CP) concentration could be produced. Also, the
electrospun CP/PEO nanofiber mats demonstrated good mechanical
strength, thermal stability, and hydrophobicity with water contact an
gles up to 133◦ .

3.2. Bottom-up approach
3.2.1. Electrospinning
The electrospinning technique is a simple and versatile method for
producing polymer nanofibers with diameters ranging from a few mi
crometers to tens of nanometers, depending on the polymer and pro
cessing conditions (Min et al., 2004). The basic setup for electrospinning
is depicted schematically in Fig. 6. There are three major components to

Fig. 6. Schematic illustration of the basic setup for electrospinning.
Reprinted (adapted) from Li and Xia (2004), Copyright © 2004 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, with permission from “John Wiley
and Sons.”

3.2.2. Self-assembly method
The self-assembly approach is a novel method to self-assemble
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biogenic ChNFs in vitro under mild conditions. This process involves
dissolving appropriate amounts of starting chitin material in hydrogen
bond disrupting solvents such as HFIP or LiCl/N,N-dimethylacetamide
(DMAC) (Zhong et al., 2010). After that, the self-assembly process is
started by either evaporating the solvent (HFIP) or adding water (LiCl/
DMAC), resulting in high-quality tiny nanofibers. Using this method,
Zhong et al. (2010) produced single nanofibrils as small as 3 nm (HFIP)
or complex self-assembled nanofibers as large as 10 nm (LiCl/DMAC).
The nanofibers were found to be non-cytotoxic, cytocompatible, and had
greater cell attachment regions than chitin bulk film. Duan et al. (2015)
utilized a thermally induced self-assembly method to create chitin-based
nanofibrous microspheres (NCM) directly from chitin in a NaOH/urea
aqueous solution. The urea–NaOH–chitin chain complex coexisted with
its aggregates as nanofibers with diameters ranging from 4 to 12 nm in
the dilute solution. The urea–NaOH sheath around the chitin was
destroyed immediately, and the chitin chains promptly self-aggregated
in parallel (with the largest contact area) by hydrophobic interactions
and hydrogen bonding to form ChNFs with a mean diameter of about
27 nm. In a recent study, Huang et al. (2021) used an aqueous KOH/urea
solution for quick disintegration of β-chitin and the hierarchical selfassembly of chitin chains. The findings revealed that β-chitin’s loose
crystal packing allowed solvent molecules to quickly penetrate and form
β-chitin/KOH/urea complexes, followed by rapid swelling and dissolu
tion of β-chitin. Furthermore, when a non-solvent was added to the
energetically stable chitin crystals, the chitin chains were self-assembled
into twisted nanofibers. The self-assembly became more significant as
the chitin concentration increased, increasing solution instability and
transforming the nanofibrous network into a hydrogel. Tamura et al.
(2006) reported calcium chloride dihydrate-saturated methanol (cal
cium solvent) to be a good solvent for chitin. The solubility of chitin in
calcium solvent depends on the degree of deacetylation and the mo
lecular weight of chitin, the water content of the system, and the calcium
ion concentration in the calcium solvent. After dissolution, the chitin
hydrogel can be made by vigorously stirring a large amount of water into
the chitin solution, then dialysis against water or filtering to remove the
methanol and calcium ions. Using this solvent, Oh et al. (2016) reported
a new self-assembly method to disintegrate chitin to a nanoscale 1D
structure called “chitin nanowire” using modified calcium-saturated
methanol (Ca-methanol). The interfibrillar region is permeable to
methanol-solvated Ca2+, causing chitin nanowires to disperse without
causing damage to the acetyl groups if the concentration of Ca2+ is
sufficient to partially replace the interfibrillar H-bond. After the disas
sembly process, Ca2+ ions are removed through solvent exchange using
three different solvents: isopropanol (IPA), methanol, and deionized
(DI) water.

application in many industries is limited due to its unique structure and
limited solubility. On the contrary, nanochitin, as a potential nanomaterial, retains the properties of the original chitin and has a large
surface area, high aspect ratio, a low density, and many functional
groups, making it ideal for surface functionalization (Kurita, 2006). Due
to all these added advantages, nanochitin finds a wide range of appli
cations in the food industry (Table 2).
4.1. Pickering emulsions
Emulsions are a mixture of two or more immiscible liquids that are
inherently unstable and do not spontaneously form. To reduce surface
tension and improve emulsion stability, surfactants are always utilized
(McClements & Jafari, 2018). Besides small molecular weight surfac
tants or soluble proteins/polysaccharides, solid colloid particles can be
absorbed at the oil-water interface, lowering surface tension and
resulting in “Pickering emulsions.” If solid particles are used under a
balanced interfacial wettability, a robust mechanical barrier at the oilwater interface can be easily produced, avoiding droplet breaking
(Aveyard et al., 2003). Pickering emulsions have several distinct ad
vantages over conventional emulsions (Chen et al., 2020), including the
following: (i) solid particles, which can be permanently adsorbed at the
oil-water interface to produce a film that prevents oil droplet agglom
eration, are used as emulsifiers in Pickering emulsions (ii) Pickering
emulsion is unaffected by external factors such as temperature, ionic
strength, pH, or the oil phase composition of the system. (iii) Pickering
emulsions require less amount of stabilizers throughout the preparation
process than emulsions stabilized using conventional surfactants. (iv)
Furthermore, Pickering emulsions have good biocompatibility and can
be utilized as carriers to deliver bioactive compounds since the solid
particle components used as stabilizers are generally edible natural
substances. The most common solid particles employed to stabilize
Pickering emulsions are food-grade organic particles, including poly
saccharides, protein, and lipid particles, as well as safe inorganic par
ticles like hydroxyapatite (Hap), calcium carbonate, and silica (Yang
et al., 2017). By decreasing the particle size, the interfacial tension of
particles with two phases diminishes, and therefore, a more stable
emulsion is obtained (Nicolai & Murray, 2017).
Barkhordari and Fathi (2018) prepared ChNCs from prawn shells
(Penaeus monodon) and used them to produce Pickering emulsions. The
findings revealed that the mean diameter of ChNC stabilized Pickering
emulsion oil droplets were lower than conventional surfactant (lecithin)
stabilized emulsion with the same concentration (4.5 versus 10.9 μm). In
addition, during four weeks of storage, Pickering emulsions demon
strated high stability. Similarly, Bai et al. (2019) prepared highly
charged nanochitins of three different average aspect ratios (~5, 25 and
>60) by ultrasonication and microfluidization and used it to prepare
stable oil-in-water Pickering emulsions. Depending on nanochitin’s size,
composition, and formulation variables, the nanochitin successfully
lowered interfacial tension and stabilized the oil/water interface via
network formation, making them effective in stabilizing Pickering sys
tems (Fig. 7). Pickering emulsions were also found to be resistant to
oiling off for a longer duration at various concentrations. Larbi et al.
(2018) evaluated the ability of ChNCs and ChNFs produced from shrimp
shells to form Pickering emulsions. At the same concentrations, ChNFs
were better able to stabilize oil-in-water emulsions than ChNCs. In a
recent study by Liu et al. (2021), Pickering emulsions were stabilized
using a combination of positively charged ChNCs and negatively
charged fucoidan (F), and the emulsions’ stability was evaluated qual
itatively; the results showed that the size of emulsion droplets stabilized
by oppositely charged polysaccharide particles (ChNC-F complexes)
were significantly reduced. Furthermore, the microstructure and bind
ing degree of the complexes can be modified by adjusting the mass ratio
and pH, increasing their adsorption on the oil-water interface and
improving the Pickering emulsion’s stability. In another recent study, Lv
et al. (2021) investigated the feasibility of creating stable Pickering

3.2.3. Dissolution-regeneration method
This approach entails dissolving chitin first and then employing a
precipitating agent to regenerate chitin molecules into ChNFs; wet
spinning is a common dissolution-regeneration method (Yang et al.,
2020). Wet spinning can produce ChNFs with large aspect ratios, and the
spinning effect is significantly influenced by the chitin solution con
centration. The findings of the experiments revealed that chitin solu
tions with a higher concentration gelated quickly, whereas those with a
lower concentration coagulated too slowly to spin (Huang et al., 2014).
Additionally, the wet spinning process can be utilized to spinning not
just pure chitin solutions but also chitin composite solutions (Wu et al.,
2018; Yudin et al., 2014; Zhu et al., 2019). However, wet spinning has
limited applicability due to the limited solvent of chitin; therefore, it is a
promising direction for developing green solvents that dissolve chitin.
4. Food applications
Chitin has the characteristics of non-toxicity, biodegradability,
biocompatibility, low immunogenicity, and antibacterial activity
(Jayakumar et al., 2010; Pillai et al., 2009). However, chitin’s
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Table 2
General overview of food applications of nanosized chitin.

Table 2 (continued )

Food application

Type of
nanosized
chitin used

Properties/activities

References

Pickering
emulsions

Chitin
nanoparticle

↓ interfacial tension
and stabilized the oil
(sunflower oil)-water
interphase
High stability of
Pickering emulsion
during four weeks of
storage; the mean
diameter of oil droplet
of nanoparticle
stabilized Pickering
emulsion was lower
than lecithin
containing emulsion
with the same
concentration (4.5
versus 10.9 μm).
↓ size of emulsion
droplets; ↑ stability of
Pickering emulsion
↑ stability to droplet
coalescence during
storage; ↑ creaming
stability
↑ thermal stability,
mechanical properties,
and storage modulus
↑ mechanical, thermal,
barrier, and antifungal
properties
↑ mechanical, opacity
and barrier properties,
antimicrobial activity
against
L. monocytogenes
↑ mechanical
properties, ↑ stability
of nanocomposite
films against melting
and degradation at
high temperatures,
anti-fungal activity
against Aspergillus
niger
↑ mechanical
properties, ↑ barrier
properties, ↑
antifungal properties
↑ mechanical
properties and high
transparency
↑ barrier properties of
films against water
vapor and oxygen, ↑
antifungal properties
↑ physical,
mechanical, and water
vapor barrier
properties
↑ transparency; ↑
mechanical and
thermal properties;
antifungal activity
against Alternaria
alternata
↑ mechanical
properties; ↓ water
uptake and solubility
of the film
↑ mechanical and
barrier properties

Bai et al.
(2019)

Chitin
nanocrystals

Starch-based
nanocomposite
films

Gelatin-based
nanocomposite
films

Chitin
nanocrystals +
Fucoidan
Chitin
nanofibrils +
Cellulose
nanofibrils
Chitin
nanocrystals
and nanofibers
Chitin
nanocrystals
and nanofibers
Chitin
nanowhisker

Chitin
nanoparticle

Chitin
nanofibers
Chitin
nanofibers
Chitin
nanoparticle
Carrageenanbased
nanocomposites
films
Chitosan-based
nanocomposite
films

Chitin
nanofibers
Chitin
nanofibers

chitin
nanowhiskers
Chitin
nanofiber +

Food application

Saltiness enhancer

Barkhordari
and Fathi
(2018)

Inhibition of
starch
retrogradation

Liu et al.
(2021)

Dietary fiber

Lv et al. (2021)

Type of
nanosized
chitin used
Silver
nanoparticles
Chitin
nanofibers
Chitin
nanofibers

Chitin
nanoparticle
Chitin
nanowhisker

Nanochitin

Chitin
nanocrystals

Salaberria
et al. (2014)
Salaberria,
Fernandes,
et al. (2015)
Qin et al.
(2016)

Properties/activities

References

↑ saltiness of NaCl
solution
Fillets cured with
ChNFs + NaCl had
significantly higher
saltiness perception
scores than the fillets
cured with the control
solution (NaCl alone)
↑ saltiness of NaCl
solution (about 35%)
Inhibited the shortterm retrogradation
and also retarded and
decelerated the longterm retrogradation of
maize and potato
starches
Inhibited initial rate of
digestion as well as the
total extent of lipid
digestion
Inhibited lipid
digestion and
β-carotene
bioaccessibility

Jiang et al.
(2017)
Hsueh et al.
(2017)

Somsak et al.
(2021)
Ji et al. (2017)

Zhou et al.
(2020)
Zhou et al.
(2021)

emulsions employing cellulose and chitin nanoparticles; the results
showed that during storage, the emulsions were extremely resistant to
droplet coalescence, which was attributed to the nanofibers’ ability to
adsorb to the oil droplet surfaces and generate a thick particulate layer
that protected them from coalescence. Furthermore, in the aqueous
phase, the nanofibers formed a 3D network that prevented the oil
droplets from moving, resulting in improved creaming stability.

Sahraee et al.
(2017a)

4.2. Food packaging (nanocomposite films)
Nanochitin is well-known for its abundant availability and beneficial
properties, including antibacterial activity, non-toxicity, and low cost
(Rubentheren et al., 2015). So far, nanochitin has been explored as a
reinforcing and antibacterial agent in gelatin, starch, carrageenan, and
chitosan polymers (Ifuku et al., 2013; Qin et al., 2016; Sahraee et al.,
2020; Shankar et al., 2015). Since nanochitin has a hydrophilic nature
that makes it compatible with most polymers and allows it to disperse
uniformly in their matrices (Chang et al., 2010). Thus, it could be an
excellent nanofiller for various biopolymers to enhance their thermal,
mechanical, and barrier properties.
Numerous studies have investigated the thermal characteristics of
nanochitin composites using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA), generally in a nitrogen atmo
sphere (Meng et al., 2020; Oun & Rhim, 2020). Oun and Rhim (2020)
used TGA under nitrogen flow to study the thermal stability of
carboxymethylcellulose (CMC)-based films containing ChNCs and
grapefruit seed extract (GSE); all films showed two stages of thermal
degradation. The first stage was observed at temperatures between 80
and 130 ◦ C, with weight loss ranging from 4.9 to 7.9%, which was linked
to the removal of free water at temperatures below 110 ◦ C and bound
water. The major thermal degradation occurred between 200 and
400 ◦ C, which was linked to carbohydrate polymer thermal degradation
and glycerol volatilization. For all films, the starting decomposition
temperature (Tonset) was in the range of 200 to 210 ◦ C, the mid-point of
degradation (T0.5) was in the range of 270 to 275 ◦ C, and the end of
degradation temperature (Tend) was in the range of 321 to 333 ◦ C. The
final residue left after thermal deterioration at 600 ◦ C of the neat CMC

Sahraee et al.
(2017b)
Chen et al.
(2018)
Sahraee et al.
(2020)
Shankar et al.
(2015)
Ifuku et al.
(2013)

Rubentheren
et al. (2015)
Jafari et al.
(2016)
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Fig. 7. Schematic illustration of (a) Pickering emulsion formation at the sunflower oil–water interface by nanochitin adsorption (b) two different nanochitin loading
levels and their associated storage stability (c) Nanochitin’s possible stabilizing behavior at interfaces.
Reprinted from Bai et al. (2019) under license CC-BY.

film was 21.7%, but with the addition of ChNC and GSE, it increased to
about 30%.
The mechanical performance of nanochitin-reinforced nano
composites is influenced by interactions between the polymer matrix
and nanochitin, as well as filler–filler interactions (Joseph et al., 2020).
Mushi et al. (2014) prepared chitosan-based nanocomposite film rein
forced with ChNF with high toughness. At 8% nanochitin volume frac
tion, the film displayed a unique blend of modulus, strength, and strainto-failure, with the work to fracture (area under the stress-strain curve)
reaching 35 MJ/m3. The nanocomposites also showed significant
strength, 140 MPa, and strain to failure, 11%, at very high chitin content
(56 vol%). Similarly, the tensile strength of gelatin-based nano
composite film increased from 65.19 MPa for neat gelatin films to
119.08 MPa by increasing the concentration of nanochitin up to 5%. The
Young modulus also was enhanced for the films containing up to 5%
nanochitin (Sahraee et al., 2017a). The effect of nanochitin on
increasing the mechanical properties of nanocomposite films can be
attributed to a variety of factors, including the increased stiffness and
density of chitin nanoparticles in contrast to protein matrix (Shankar
et al., 2015), filling empty areas in amorphous regions, establishing a
robust network through improved hydrogen bonding, and increasing
matrix crystallinity (Dufresne, 2010).
The barrier properties for nanocomposite films are crucial due to the
significance of water in microbial development and degrading outcomes
(Salaberria et al., 2017). Water vapor permeability (WVP) and oxygen
permeability are the most important and broad properties of biopolymer
films due to their direct influence on deteriorating processes in packaged
food products (Joseph et al., 2020). Chitin nanoparticles, along with
cellulose nanomaterials, have received a lot of attention as a safe gas
barrier product. The purpose of a barrier layer or film in a packaging
product is to slow down or completely stop the passage of oxygen, water
vapor, or other molecules, extending the shelf life, protecting goods, and
most likely also improving the taste—especially in the case of foods
(Joseph et al., 2020). Sahraee et al. (2020) showed that incorporation of
nanochitin and ZnO nanoparticles could reduce the WVP and oxygen
permeability for nanocomposite film. As WVP of films is reliant on the

solubility and diffusion of water molecules through the film, nano
particles can reduce this permeability by increasing cross-linking be
tween polymer chains and filling the matrix’s porosity (Rouhi et al.,
2013). Nanoparticle inclusion also improves the film’s crystal phase,
molecular weight, orientation, and chain cross-linking, reducing oxygen
permeability (Li, Cao, et al., 2019). Furthermore, layer-by-layer (LbL)
assembling of oppositely charged components can be used to create a gas
barrier on a plastic substrate surface (Richardson et al., 2016). Kim et al.
(2019) demonstrated that a LbL assembly of negatively charged nano
cellulose and positively charged nanochitin on poly(ethylene tere
phthalate) (PET) films provided a strong oxygen barrier, which is
essential for food packaging films. The two nanomaterials complement
each other effectively due to their strong electrostatic affinity. Recently,
Nguyen et al. (2021) developed an LbL assembly of negatively charged
TEMPO cellulose nanofiber (TCNF) and positively charged ChNW on
polypropylene (PP) films using dip coating (Fig. 8); the results showed
that the coating layers considerably reduced the passage of oxygen and
water vapors. The oxygen transmission rate (OTR) of the 60 μm-thick PP
film coated with 20 alternating bilayers of TCNF (0.4 wt%) and ChNW
(1.6 wt%) decreased by approximately a hundredfold, from 1118 to
13.10 cm3 m− 2 day− 1 owing to the high crystallinity of nanocellulose
and nanochitin. Its water vapor transmission rate (WVTR) decreased
marginally from 2.43 to 2.13 g m− 2 day− 1. In addition, the coated film
was highly transparent, resistant to bacterial adhesion, and thermally
recyclable, making it ideal for advanced food packaging. Similarly,
Satam et al. (2018) demonstrated that the LbL spray coating of cationic
ChNF and anionic cellulose nanocrystals (CNC) suspensions onto poly
(lactic acid) (PLA) films (at least two alternating coated layers) leads to
reductions in O2 permeability relative to neat PLA, even at elevated RH
(70%). Multilayer ChNF/CNC coatings had lower O2 permeability and
haze than ChNF or CNC coatings alone (72% and 86% lower haze,
respectively), indicating a synergistic effect.
4.2.1. Starch-based nanocomposite films
Chitin nanoparticles (CNP) can be utilized as reinforcing agents in
starch-based food films to improve their weak mechanical properties
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Fig. 8. a) Schematic illustration of layer-by-layer (LbL) assembly of ChNW and TCNF on polypropylene (PP) films that have been pre-irradiated with ultraviolet/
ozone (UVO), (b) chemical structures of ChNW and TCNF, as well as a comparison of the two nanomaterials’ dimensions and surface charge (type and density).
Reprinted from Nguyen et al. (2021) under license CC BY-NC-ND 4.0.

and enhance their functionality. Chang et al. (2010) were the first to use
CNP as reinforcing agents in starch matrix composites. CNP having a
diameter of 50–100 nm was prepared using acid hydrolysis and ultra
sonication, and then it was combined with Glycerol plasticized-potato
starch (GPS). This combination improved storage modulus, tensile
strength, glass transition temperature, and water vapor barrier proper
ties of the GPS/CNP composites. Salaberria et al. (2014) incorporated
nanochitin fillers, i.e., ChNCs and ChNFs, in thermoplastic starch matrix.
The thermoplastic starch-based nano-biocomposites outperformed
thermoplastic starch matrix without nanochitin fillers in terms of me
chanical properties, thermal stability, and storage modulus. Salaberria,
Diaz, et al. (2015) further studied the role of different nanochitin mor
phologies (ChNC & ChNF) on the structural and functional properties of
thermoplastic starch-based film; the results revealed that nano
composite films made with nanochitin had better thermal, mechanical,
antifungal, and barrier properties than those made with unfilled ther
moplastic starch films. Similarly, Qin et al. (2016) investigated the ef
fects of ChNWs as a reinforcement agent in the preparation of maize
starch/ChNW nanocomposite films. Compared to the pure maize starch
film, the nanocomposite films exhibited improved mechanical strength
and thermal properties and conferred high antibacterial activity against
Listeria monocytogenes.

compatible with biodegradable polymers, are nontoxic, edible, and are
not dose-limited (Shankar et al., 2015). In this regard, CNPs received a
lot of attention in this area because of its availability and antibacterial
capabilities.
Sahraee et al. (2017a) investigated the thermal, physical, and anti
microbial properties of gelatin-based nanocomposite films containing
CNP; the results showed that the use of CNP up to 5% concentration led
to improved physical, thermal, and anti-fungal properties against
Aspergillus niger. Similarly, gelatin film containing CNP and different
concentrations of corn oil was developed to study the impact of nano
particles and oil on the packing properties of gelatin biopolymer (Sah
raee et al., 2017b); according to the results, the integration of CNP and
oil into film formulation increased mechanical, barrier, and antifungal
properties. Chen et al. (2018) prepared gelatin-based nanocomposites
with surface-deacetylated ChNF networks with high transparency and
excellent mechanical properties. Sahraee et al. (2020) developed gelatin
nanocomposite films incorporating nanochitin and nano-ZnO for sponge
cake packaging and compared the shelf life and quality of the cakes to
those packaged in polyethylene films; the findings showed that films
containing nano-chitin and nano-ZnO had better barrier properties
against oxygen and water vapor, as well as antifungal capabilities.
4.2.3. Carrageenan-based nanocomposites films
Carrageenan is a sulfated linear polysaccharide derived from various
species of Rhodophyta (marine red algae) (Necas & Bartosikova, 2013).
Carrageenan has been frequently utilized in producing biodegradable
and edible packaging films. However, the major constraints of such
biopolymer-based films are poor performance, such as a lower water
vapor barrier and inferior mechanical qualities. The use of reinforcing
nanofiller materials such as chitin nanoparticles to solve these issues is a
viable option. Shankar et al. (2015) used ChNF as a reinforcement filler

4.2.2. Gelatin-based nanocomposite films
Gelatin-based films generally lack the requisite thermal, mechanical,
and WVP properties, making them unfeasible in food packaging. One of
the relatively new approaches for strengthening biodegradable mate
rials to provide sufficient attributes as a packaging material is to
incorporate nanoparticles into film formulation (Nafchi et al., 2014).
Organic nanoparticles have several advantages over inorganic nano
particles. They are typically derived from food processing waste, are
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to prepare carrageenan/ChNF nanocomposite films. Compared to the
neat carrageenan film, the carrageenan/ChNF nanocomposite films
showed improved mechanical, physical, and water vapor barrier prop
erties up to the inclusion of 5% ChNF. Carsi et al. (2019) studied the
effect of ChNWs on the molecular dynamics of carrageenan-based
nanocomposites using dielectric relaxation spectroscopy (DRS); the ef
fect of ChNW on molecular mobility near the glass transition, Tg, sug
gests that non-attractive intermolecular interactions exist between
carrageenan/glycerol (KCg) and ChNW. The fragility index rose after
ChNW inclusion due to a reduction in polymer chain mobility caused by
the ChNW confinement of the KCg network. Also, with increasing ChNW
concentration, the apparent activation energy associated with the
relaxation dynamics of the chains at Tg increased slightly.

contact with taste receptors on the taste buds (Fig. 9) (Jiang et al., 2017).
Jiang et al. (2017) concluded that ChNFs improved salty taste when
NaCl was added to ChNF solutions based on sensory testing performed
by an untrained consumer panel (N = 20). Similarly, Tsai et al. (2019)
reported that NaCl solution (0.3% w/v) containing chitin nanomaterials
produced significantly higher saltiness perception than the NaCl solu
tion alone. Somsak et al. (2021) also reported that ultrasonic-assisted
chitin nanoparticles from shrimp (Litopenaeus vannamei) shell
(α-chitin) and squid (Sepia pharaonic) pen (β-chitin) enhanced saltiness
perception in NaCl solution. Hsueh et al. (2017) reported that ChNF
when used in a curing solution, could increase the saltiness perception of
cured tilapia fillets. This indicated that by properly incorporating ChNF
into the processing of certain salted foodstuffs, such as salted fish fillets,
the very same salty taste could be obtained with less salt, thereby
opening up a new avenue for the production of low-salt foods.

4.2.4. Chitosan-based nanocomposite films
Chitosan is a biodegradable and biocompatible natural poly
saccharide that can be utilized as a structural material in food pack
aging, but its mechanical and physiochemical properties limit its
application (Tuhin et al., 2012). Chitin nanoparticles can be used as an
additive or filler ingredient in a chitosan film matrix to improve me
chanical properties. Ifuku et al. (2013) prepared a high-strength chito
san-based nanocomposite film reinforced with surface-deacetylated
ChNFs; the results showed that the nano-composite films were highly
transparent, with improved mechanical and thermal properties as
compared to neat chitosan film. Antifungal activity was also observed in
the nanocomposite films against Alternaria alternata. Similarly, Ruben
theren et al. (2015) prepared a chitosan film reinforced with ChNWs and
crosslinked with tannic acid; the results showed that adding nanosized
chitin and tannic acid enhanced mechanical properties while decreasing
water uptake and solubility of the film. Jafari et al. (2016) studied the
synergistic effect of ChNF and silver nanoparticles (AgNPs) as nano
fillers on chitosan-based nanocomposite film; AgNPs had a negative
effect on the mechanical and color properties of chitosan films. How
ever, adding ChNF significantly improved their barrier and mechanical
properties. The simultaneous addition of ChNF and AgNP makes great
sense since they offer complimentary properties (i.e., barrier property
and higher antimicrobial activity) to the chitosan matrix.

4.4. Inhibition of starch retrogradation
When starches are subjected to heat (usually above 50 ◦ C) in the
presence of water, the breakdown of amylopectin double helices
(hydrogen bonds) causes the granules to swell and burst, whereas
amylose preferentially leaches out of the swollen granules. All of these
events are referred to as “gelatinization.” When gelatinized starch is
stored, especially at low temperatures, the polymer (dispersed amylose
and amylopectin) chains re-crystallize, resulting in “retrogradation”
(Chen et al., 2015; Jang & Pyun, 1997). Starch retrogradation affects the
sensory attributes and shelf life of cooked starch gels and starchcontaining foods (Xu et al., 2012). The ratio of amylose to amylo
pectin determines the rate of starch retrogradation (Fredriksson et al.,
1998). The amylose fraction is responsible for the short-term develop
ment of retrogradation or crystallization in starch gels (Sievert &
Wuesch, 1993), whereas the amylopectin fraction is responsible for the
long-term changes during storage of starch gels (Chang & Lin, 2007).
The stability, texture, quality, functionality, and digestibility of foods
are all strongly influenced by starch retrogradation during processing or
storage (Mutungi et al., 2012). As a result, effective solutions to this
problem are urgently needed.
For the first time, Ji et al. (2017) investigated the effect of ChNWs on
the short- and long-term retrogradation of maize and potato starches;
the results revealed that adding ChNWs to maize and potato starches
could not only prevent short-term retrogradation but also slow down
long-term retrogradation. This indicates that the ChNWs could be
exploited as a new inhibitor of starch retrogradation in the development
of starch-based foods with longer shelf life.

4.3. Saltiness enhancement
Hypertension is now widely recognized as a leading cause of car
diovascular disease, especially stroke and heart attack (WHO, 2020).
Na+ is the primary cause of saltiness, and NaCl is the most often utilized
salty agent. The nutrients Na+ and Cl− are necessary for the body’s
functions of maintaining blood pressure, blood volume, and body fluid
volume regulation. The WHO recommends a daily sodium intake of
2000 mg, or about 5 g of NaCl (WHO, 2020). People nowadays, how
ever, ingest 3000–7000 mg of sodium per day (Somsak et al., 2021).
Excessive sodium intake can lead to high blood pressure, stomach can
cer, obesity, a higher risk of cardiovascular disease, and decreased bone
density, among other issues (Lawrence et al., 2009). Therefore, several
low-salt foods have been developed. Nevertheless, lowering the salt
content affects the flavor. As a result, reducing the quantity of salt added
to the food while maintaining customer acceptability of low-salt goods is
difficult for the food industry (Lawrence et al., 2009).
To minimize salt in foods, various strategies have been used with
effectiveness. One of the strategies is using a salt enhancer, a compound
that amplifies the salty taste at a low level (Jiang et al., 2017; Somsak
et al., 2021). Several researchers have used nanochitin as a saltiness
enhancer (Hsueh et al., 2017; Somsak et al., 2021). When the pH is less
than 7, the amine groups on the ChNF molecular chains are protonated
and have a positive charge. When NaCl is added to a ChNF solution, it
dissolves and forms Na+ and Cl− . The -NH+
3 on the ChNF surface adsorbs
Cl− in a NaCl solution and forms an electric double layer, thereby
increasing the concentration of free Na+ in the solution. This enhances
saltiness perception by increasing the likelihood of Na+ coming into

4.5. Dietary fiber (inhibition of lipid digestion)
Chitin is a type of insoluble dietary fiber that has several health
benefits. Dietary fibers have long been considered to aid in preventing
diabetes, obesity, cardiovascular disease, and diverticulitis. Addition
ally, dietary fiber such as nanocellulose promotes physiological benefits
such as laxation, blood cholesterol reduction, and blood glucose
reduction (Li, Wang, et al., 2019). However, in the case of nanochitin,
apart from its ability to inhibit lipid digestion (Tzoumaki et al., 2013;
Xiao et al., 2018), relatively few investigations on nanochitin as a di
etary fiber have been reported to date. Nanochitin could thus be used to
create functional foods that improve human health by controlling the
hydrolysis of emulsified lipids in the gastrointestinal tract (GIT). Indeed,
chitin-based polymers incorporated in a high-fat diet administered to
mice were found to exhibit anti-obesity benefits, which were attributed
to their ability to inhibit fat digestion and absorption (Han et al., 1999).
A number of in vitro and in vivo experiments have demonstrated that
chitin-based polymers have a considerable affinity for bile acids, which
could explain their ability to inhibit lipid digestion or absorption
(Sugano et al., 1980; Ebihara & Schneeman, 1989; Lee et al., 1999;
Gallaher et al., 2000). For example, cationic polymers may improve the
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Fig. 9. Schematic illustration of ChNF bound to Cl− ions in a NaCl solution, thereby increasing the concentration of free Na+ and ultimately enhancing salti
ness perception.

5. Allergy concerns of crustacean derived nanochitin

development of anionic mixed micelles, decreasing free fatty acid
accessibility to epithelial cells.
Nanochitin has been proven to be a powerful particle-based emul
sifier, capable of attaching to fat droplet surfaces during homogeniza
tion and then stabilizing them during storage (Bai et al., 2019).
However, there is currently little knowledge of the gastrointestinal fate
of nanochitin-stabilized Pickering emulsions, particularly the impact of
a nanochitin coating on the digestion of emulsified fats. According to a
recent study, nanocellulose slows lipid digestion and diminishes vitamin
D bioaccessibility when present at sufficiently high concentrations
(Winuprasith et al., 2018). Similar studies were carried out recently to
investigate the influence of nanochitin on lipid digestibility and vitamin
bioaccessibility using in vitro digestion models (Zhou et al., 2020,
2021). Zhou et al. (2020) made nanochitin-stabilized Pickering emul
sions and investigated their characteristics as they passed through a
human GIT model. These emulsions’ behavior was compared to that of a
surfactant-stabilized emulsion (Tween 80, T80) and emulsions con
taining both nanochitin and surfactant. The findings revealed that
nanochitin, both adsorbed and non-adsorbed, can inhibit lipid digestion
and vitamin bioaccessibility. Nanochitin reduces both the initial rate of
digestion and the total extent of lipid digestion, which could be due to at
least three mechanisms: (i) lipase’s ability to reach the lipid phase was
hampered by the nanochitin that surrounded the fat droplets; (ii)
nanochitin caused fat droplets to flocculate, reducing the surface area of
lipids available to lipase; (iii) cationic nanochitin binds to anionic bile
acids, fatty acids, and/or lipase, as well as promoting mixed micelle
precipitation. Similarly, Zhou et al. (2021) investigated the influence of
ChNCs on the gastrointestinal fate of a model emulsion utilizing a
standardized in vitro digestion model (INFOGEST). The results of the
INFOGEST model were compared to those of a common static in vitro
digestion model. In addition, the impacts of nanochitin dosage on the
digestibility and bioaccessibility of model food emulsions were investi
gated: Corn oil-in-water emulsions containing beta-carotene and stabi
lized by a non-ionic surfactant (Tween 80). The results showed that the
presence of nanochitin inhibited lipid digestion and β-carotene bio
accessibility, which was in agreement with previous findings from an in
vitro digestion model. However, due to the higher quantities of
pancreatic lipases and lower amounts of calcium ions employed in the
INFOGEST model, the magnitude of these effects was much lower.

Shellfish allergy is common, being reported in 2.8% of adults and
0.6% of children (Sicherer et al., 2004). Shrimp is the most common
shellfish allergy followed by crab and lobster. Although symptoms are
usually limited to cutaneous manifestations (e.g., urticaria, angioedema,
flushing), anaphylaxis is reported in 20 to 40% of reactions (Sicherer
et al., 2004). Shrimp allergy represents an IgE-mediated reaction to the
shrimp protein tropomyosin. Tropomyosin, a muscle protein, shares
significant homology with other shellfish in the Crustacea family
—hence, most patients who are allergic to one are usually allergic to all
Crustacea (Castillo et al., 1994). Due to the fact that chitin is derived
chiefly from the shells of crustaceans, it is assumed that chitin and its
derivatives, such as nanochitin, might also trigger allergic reactions.
Mammals, including humans, do not synthesize chitin in their bodies
and are therefore a possible target for detection by the immune system of
mammals. Mammals are equipped with a wide range of enzymes,
including Mammalian chitinases and chitinases-like proteins (C/CLPs),
which upon exposure to chitin, bind to chitin, while true chitinases such
as acidic mammalian chitinases (AMCase) and chitotriosidase (CHIT 1)
can also actively degrade chitin (Cruz et al., 2012; Lee et al., 2011).
Mammalian chitin-binding receptors have been identified as FIBCD1,
NKR-P1, and RegIIIc (Bueter et al., 2013). In addition, Toll-like receptor
(TLR) 2, dectin-1, and mannose receptor all have a role in mediating
immune responses to chitin, resulting in the production of cytokines and
the formation of an immunological network that causes inflammatory
and allergic responses (Bueter et al., 2013; Dong et al., 2014; Dostert &
Tschopp, 2007).
Chitin triggering an allergic immune response is a controversial
topic. In general, chitin is recognized primarily in the lungs or gut when
mammals are exposed to it, either by food or inhalation, where it acti
vates a variety of innate (eosinophils, macrophages) and adaptive im
mune cells (IL-4/IL-13 expressing T helper type-2 lymphocytes), thus
triggering an immune response (Burton & Zaccone, 2007; Elieh Ali Komi
et al., 2018; Reese et al., 2007). Conversely, chitin downregulated the
allergic response to ragweed in mice (Shibata et al., 2000); in this study,
they not only show that chitin can trigger Th1 cytokine secretion, but
they also suggest that chitin preparations could be a promising thera
peutic for human allergic disease. In another study, Strong et al. (2002)
found that direct application of chitin microparticles to the respiratory
tract promotes Th1 cytokine response and reduces serum IgE and pe
ripheral blood eosinophilia, airway hyper-responsiveness, and lung
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inflammation in a mouse model of ragweed allergy, suggesting that it
could be a useful treatment for respiratory allergy and allergic asthma in
humans. In both studies, the relevance of the administration route (oral
or nasal, respectively) appears to be a crucial component in chitin’s
ability to generate a Th1 (protective) antiallergic response.
In crustaceans, chitin is part of complex structures with other organic
and inorganic compounds. Once this chitin is isolated and purified, all
the proteins, fats, and other contaminants have been removed to such an
extent as to permit to classify them as chemicals regardless of their
origin. Therefore, crustacean-derived chitin and its derivatives,
including nanochitin, should not be considered “crustacean derivatives”
(Muzzarelli, 2010). However, there are reports that the size, shape,
source, and purification method of chitin all have an impact on immune
recognition, cytokine levels, and inflammatory cell recruitment
(Alvarez, 2014; Amarsaikhan & Templeton, 2015). For example, some
studies have found that the size of the chitin particles influences the type
of immune response induced: large particles (>40 μm) were found to
elicit a classical Th2 “allergic” response, but small particles (1–10 μm)
elicited both protective Th1 and anti-inflammatory responses (Da Silva
et al., 2009; Kogiso et al., 2011). Particle sizes that are less or larger than
those ranges do not appear to be immunogenic (Da Silva et al., 2009).
Alvarez (2014) purified commercial crab chitin by additional alkali and
acidic treatment steps to see if it elicited an allergic immune response;
the results showed that purified commercial crab chitin clearly induced
the pro-inflammatory cytokines IL-6, IL-1β, and TNFα. Additionally, no
substantial increase of the anti-inflammatory cytokine IL-10 was
observed. Similarly, several other studies have also shown a proinflammatory effect of purified chitin (Da Silva et al., 2008; Kogiso
et al., 2011). In contrast, ultrapure chitin from Candida albicans failed to
elicit a significant immunological response when tested with human
peripheral blood mononuclear cells (Alvarez, 2014). All of these find
ings suggest that depending on the size, shape, source, and purification
procedure, chitin can be allergic or non-allergic. Therefore, when chitin
and its derivatives, including nanochitin, are used as food ingredients, a
clear warning for people with shellfish allergies should be included on
the label.
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Druzian, S. P., Zanatta, N. P., Côrtes, L. N., Streit, A. F. M., & Dotto, G. L. (2019).
Preparation of chitin nanowhiskers and its application for crystal violet dye removal
from wastewaters. Environmental Science and Pollution Research, 26(28),
28548–28557. https://doi.org/10.1007/s11356-018-3547-0
Duan, B., Zheng, X., Xia, Z., Fan, X., Guo, L., Liu, J.Zhang, L., … (2015). Highly
biocompatible nanofibrous microspheres self-assembled from chitin in NaOH/urea
aqueous solution as cell carriers. Angewandte Chemie, 127(17), 5241–5245. https://
doi.org/10.1002/ange.201412129
Dufresne, A. (2010). Processing of polymer nanocomposites reinforced with
polysaccharide nanocrystals. Molecules, 15(6), 4111–4128. https://doi.org/
10.3390/molecules15064111
Dutta, A. K., Izawa, H., Morimoto, M., Saimoto, H., & Ifuku, S. (2013b). Simple
preparation of chitin nanofibers from dry squid pen β-chitin powder by the star burst
system. Journal of Chitin and Chitosan Science, 1(3), 186–191. https://doi.org/
10.1166/jcc.2013.1023
Dutta, A. K., Yamada, K., Izawa, H., Morimoto, M., Saimoto, H., & Ifuku, S. (2013a).
Preparation of chitin nanofibers from dry chitin powder by star burst system:
Dependence on number of passes. Journal of Chitin and Chitosan Science, 1(1), 59–64.
https://doi.org/10.1166/jcc.2013.1008
Ebihara, K., & Schneeman, B. O. (1989). Interaction of bile acids, phospholipids,
cholesterol and triglyceride with dietary fibers in the small intestine of rats. The
Journal of Nutrition, 119(8), 1100–1106. https://doi.org/10.1093/jn/119.8.1100
El Knidri, H., Belaabed, R., Addaou, A., Laajeb, A., & Lahsini, A. (2018). Extraction,
chemical modification and characterization of chitin and chitosan. International
Journal of Biological Macromolecules, 120, 1181–1189. https://doi.org/10.1016/j.
ijbiomac.2018.08.139
Elieh Ali Komi, D., Sharma, L., & Dela Cruz, C. S. (2018). Chitin and its effects on
inflammatory and immune responses. Clinical Reviews in Allergy & Immunology, 54
(2), 213–223. https://doi.org/10.1007/s12016-017-8600-0
Fan, Y., Saito, T., & Isogai, A. (2008a). Chitin nanocrystals prepared by TEMPO-mediated
oxidation of α-chitin. Biomacromolecules, 9(1), 192–198. https://doi.org/10.1021/
bm700966g
Fan, Y., Saito, T., & Isogai, A. (2008b). Preparation of chitin nanofibers from squid pen
β-chitin by simple mechanical treatment under acid conditions. Biomacromolecules, 9
(7), 1919–1923. https://doi.org/10.1021/bm800178b
Fan, Y., Saito, T., & Isogai, A. (2010). Individual chitin nano-whiskers prepared from
partially deacetylated α-chitin by fibril surface cationization. Carbohydrate Polymers,
79(4), 1046–1051. https://doi.org/10.1016/j.carbpol.2009.10.044
Favier, V., Chanzy, H., & Cavaille, J. (1995). Polymer nanocomposites reinforced by
cellulose whiskers. Macromolecules, 28(18), 6365–6367. https://doi.org/10.1021/
ma00122a053

Fernández-Marín, R., Hernández-Ramos, F., Salaberria, A. M., Andrés, M.Á., Labidi, J., &
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Ghorbel-Bellaaj, O., Younes, I., Maâlej, H., Hajji, S., & Nasri, M. (2012). Chitin extraction
from shrimp shell waste using bacillus bacteria. International Journal of Biological
Macromolecules, 51(5), 1196–1201. https://doi.org/10.1016/j.
ijbiomac.2012.08.034
Gopi, S., Pius, A., & Thomas, S. (2016). Enhanced adsorption of crystal violet by
synthesized and characterized chitin nano whiskers from shrimp shell. Journal of
Water Process Engineering, 14, 1–8. https://doi.org/10.1016/j.jwpe.2016.07.010
Habibi, Y., Lucia, L. A., & Rojas, O. J. (2010). Cellulose nanocrystals: Chemistry, selfassembly, and applications. Chemical Reviews, 110(6), 3479–3500. https://doi.org/
10.1021/cr900339w
Han, L. K., Kimura, Y., & Okuda, H. (1999). Reduction in fat storage during chitinchitosan treatment in mice fed a high-fat diet. International Journal of Obesity, 23(2),
174–179. https://doi.org/10.1038/sj.ijo.0800806
Hong, S., Yuan, Y., Yang, Q., Chen, L., Deng, J., Chen, W.Liimatainen, H., … (2019).
Choline chloride-zinc chloride deep eutectic solvent mediated preparation of partial
O-acetylation of chitin nanocrystal in one step reaction. Carbohydrate Polymers, 220,
211–218. https://doi.org/10.1016/j.carbpol.2019.05.075
Hong, S., Yuan, Y., Yang, Q., Zhu, P., & Lian, H. (2018). Versatile acid base sustainable
solvent for fast extraction of various molecular weight chitin from lobster shell.
Carbohydrate Polymers, 201, 211–217. https://doi.org/10.1016/j.
carbpol.2018.08.059
Hong, S., Yuan, Y., Zhang, K., Lian, H., & Liimatainen, H. (2020). Efficient hydrolysis of
chitin in a deep eutectic solvent synergism for production of chitin nanocrystals.
Nanomaterials, 10(5), 869. https://doi.org/10.3390/nano10050869
Hsueh, C. Y., Tsai, M. L., & Liu, T. (2017). Enhancing saltiness perception using chitin
nanofibers when curing tilapia fillets. LWT, 86, 93–98. https://doi.org/10.1016/j.
lwt.2017.07.057
Huang, J., Zhong, Y., Wei, P., & Cai, J. (2021). Rapid dissolution of β-chitin and
hierarchical self-assembly of chitin chains in aqueous KOH/urea solution. Green
Chemistry, 23(8), 3048–3060. https://doi.org/10.1039/D1GC00514F
Huang, W. C., Wang, W., Xue, C., & Mao, X. (2018). Effective enzyme immobilization
onto a magnetic chitin nanofiber composite. ACS Sustainable Chemistry & Engineering,
6(7), 8118–8124. https://doi.org/10.1021/acssuschemeng.8b01150
Huang, Y., Zhong, Z., Duan, B., Zhang, L., Yang, Z., Wang, Y., & Ye, Q. (2014). Novel
fibers fabricated directly from chitin solution and their application as wound
dressing. Journal of Materials Chemistry B, 2(22), 3427–3432. https://doi.org/
10.1039/C4TB00098F
Huang, Y., He, M., Lu, A., Zhou, W., Stoyanov, S. D., Pelan, E. G., & Zhang, L. (2015).
Hydrophobic modification of chitin whisker and its potential application in
structuring oil. Langmuir, 31(5), 1641–1648. https://doi.org/10.1021/la504576p
Ifuku, S., & Saimoto, H. (2012). Chitin nanofibers: Preparations, modifications, and
applications. Nanoscale, 4(11), 3308–3318. https://doi.org/10.1039/C2NR30383C
Ifuku, S., Hori, T., Izawa, H., Morimoto, M., & Saimoto, H. (2015). Preparation of
zwitterionically charged nanocrystals by surface TEMPO-mediated oxidation and
partial deacetylation of α-chitin. Carbohydrate Polymers, 122, 1–4. https://doi.org/
10.1016/j.carbpol.2014.12.060
Ifuku, S., Ikuta, A., Egusa, M., Kaminaka, H., Izawa, H., Morimoto, M., & Saimoto, H.
(2013). Preparation of high-strength transparent chitosan film reinforced with
surface-deacetylated chitin nanofibers. Carbohydrate Polymers, 98(1), 1198–1202.
https://doi.org/10.1016/j.carbpol.2013.07.033
Ifuku, S., Nogi, M., Abe, K., Yoshioka, M., Morimoto, M., Saimoto, H., & Yano, H. (2009).
Preparation of chitin nanofibers with a uniform width as α-chitin from crab shells.
Biomacromolecules, 10(6), 1584–1588. https://doi.org/10.1021/bm900163d
Ifuku, S., Nogi, M., Abe, K., Yoshioka, M., Morimoto, M., Saimoto, H., & Yano, H. (2011).
Simple preparation method of chitin nanofibers with a uniform width of 10–20 nm
from prawn shell under neutral conditions. Carbohydrate Polymers, 84(2), 762–764.
https://doi.org/10.1016/j.carbpol.2010.04.039
Ifuku, S., Nogi, M., Yoshioka, M., Morimoto, M., Yano, H., & Saimoto, H. (2010).
Fibrillation of dried chitin into 10–20 nm nanofibers by a simple grinding method
under acidic conditions. Carbohydrate Polymers, 81(1), 134–139. https://doi.org/
10.1016/j.carbpol.2010.02.006
Ifuku, S., Yamada, K., Morimoto, M., & Saimoto, H. (2012). Nanofibrillation of dry chitin
powder by star burst system. Journal of Nanomaterials, 2012, Article 645624. https://
doi.org/10.1155/2012/645624
Ishida, K., Yokota, S., & Kondo, T. (2021). Emulsifying properties of α-chitin nanofibrils
prepared by aqueous counter collision. Journal of Fiber Science and Technology, 77(8),
203–212. https://doi.org/10.2115/fiberst.2021-0022
Jafari, H., Pirouzifard, M., Khaledabad, M. A., & Almasi, H. (2016). Effect of chitin
nanofiber on the morphological and physical properties of chitosan/silver
nanoparticle bionanocomposite films. International Journal of Biological
Macromolecules, 92, 461–466. https://doi.org/10.1016/j.ijbiomac.2016.07.051
Jahed, E., Khaledabad, M. A., Almasi, H., & Hasanzadeh, R. (2017). Physicochemical
properties of Carum copticum essential oil loaded chitosan films containing organic

16

S. Ngasotter et al.

Carbohydrate Polymers 291 (2022) 119627

nanoreinforcements. Carbohydrate Polymers, 164, 325–338. https://doi.org/
10.1016/j.carbpol.2017.02.022
Jang, J. K., & Pyun, Y. R. (1997). Effect of moisture level on the crystallinity of wheat
starch aged at different temperatures. Starch-Stärke, 49(7–8), 272–277. https://doi.
org/10.1002/star.19970490705
Jayakumar, R., Prabaharan, M., Nair, S. V., & Tamura, H. (2010). Novel chitin and
chitosan nanofibers in biomedical applications. Biotechnology Advances, 28(1),
142–150. https://doi.org/10.1016/j.biotechadv.2009.11.001
Ji, N., Liu, C., Zhang, S., Yu, J., Xiong, L., & Sun, Q. (2017). Effects of chitin nanowhiskers on the gelatinization and retrogradation of maize and potato starches. Food
Chemistry, 214, 543–549. https://doi.org/10.1016/j.foodchem.2016.07.113
Jiang, J., Ye, W., Yu, J., Fan, Y., Ono, Y., Saito, T., & Isogai, A. (2018b). Chitin
nanocrystals prepared by oxidation of α-chitin using the O2/laccase/TEMPO system.
Carbohydrate Polymers, 189, 178–183. https://doi.org/10.1016/j.
carbpol.2018.01.096
Jiang, J., Yu, J., Liu, L., Wang, Z., Fan, Y., & Isogai, A. (2018a). Preparation and hydrogel
properties of pH-sensitive amphoteric chitin nanocrystals. Journal of Agricultural and
Food Chemistry, 66(43), 11372–11379. https://doi.org/10.1021/acs.jafc.8b02899
Jiang, W. J., Tsai, M. L., & Liu, T. (2017). Chitin nanofiber as a promising candidate for
improved salty taste. LWT, 75, 65–71. https://doi.org/10.1016/j.lwt.2016.08.050
Joseph, B., Mavelil Sam, R., Balakrishnan, P., Maria, H. J., Gopi, S., Volova, T., &
Thomas, S. (2020). Extraction of nanochitin from marine resources and fabrication
of polymer nanocomposites: Recent advances. Polymers, 12(8), 1664. https://doi.
org/10.3390/polym12081664
Jung, H. S., Kim, M. H., & Park, W. H. (2019). Preparation and structural investigation of
novel β-chitin nanocrystals from cuttlefish bone. ACS Biomaterials Science &
Engineering, 5(4), 1744–1752. https://doi.org/10.1021/acsbiomaterials.8b01652
Jung, H. S., Kim, M. H., Shin, J. Y., Park, S. R., Jung, J. Y., & Park, W. H. (2018).
Electrospinning and wound healing activity of β-chitin extracted from cuttlefish
bone. Carbohydrate Polymers, 193, 205–211. https://doi.org/10.1016/j.
carbpol.2018.03.100
Kawata, M., Azuma, K., Izawa, H., Morimoto, M., Saimoto, H., & Ifuku, S. (2016).
Biomineralization of calcium phosphate crystals on chitin nanofiber hydrogel for
bone regeneration material. Carbohydrate Polymers, 136, 964–969. https://doi.org/
10.1016/j.carbpol.2015.10.009
Kim, H. Y., Han, J. A., Kweon, D. K., Park, J. D., & Lim, S. T. (2013). Effect of ultrasonic
treatments on nanoparticle preparation of acid-hydrolyzed waxy maize starch.
Carbohydrate Polymers, 93(2), 582–588. https://doi.org/10.1016/j.
carbpol.2012.12.050
Kim, T., Tran, T. H., Hwang, S. Y., Park, J., Oh, D. X., & Kim, B. S. (2019). Crab-on-a-tree:
All biorenewable, optical and radio frequency transparent barrier nanocoating for
food packaging. ACS Nano, 13(4), 3796–3805. https://doi.org/10.1021/
acsnano.8b08522
Kogiso, M., Nishiyama, A., Shinohara, T., Nakamura, M., Mizoguchi, E., Misawa, Y.
Shibata, Y., … (2011). Chitin particles induce size-dependent but carbohydrateindependent innate eosinophilia. Journal of Leukocyte Biology, 90(1), 167–176.
https://doi.org/10.1189/jlb.1110624
Kondo, T. (2012). Preparation of single cellulose nanofibers dispersed in water using
aqueous counter collision method. Nippon Gomu Kyokaishi, 85(12), 400–405.
https://doi.org/10.2324/gomu.85.400
Kose, R., & Kondo, T. (2011). Favorable 3D-network formation of chitin nanofibers
dispersed in water prepared using aqueous counter collision. Sen’i Gakkaishi, 67(4),
91–95. https://doi.org/10.2115/fiber.67.91
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