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Abstract: Crustacean shells are a sustainable source of chitin. Extracting chitin from crustacean
shells is ongoing research, much of which is devoted to devising a sustainable process that yields
high-quality chitin with minimal waste. Chemical and biological methods have been used extensively
for this purpose; more recently, methods based on ionic liquids and deep eutectic solvents have been
explored. Extracted chitin can be converted into chitosan or nanochitin. Once chitin is obtained and
modified into the desired form, it can be used in a wide array of applications, including as a filler
material, in adsorbents, and as a component in biomaterials, among others. Describing the extraction
of chitin, synthesis of chitosan and nanochitin, and applications of these materials is the aim of this
review. The first section of this review summarizes and compares common chitin extraction methods,
highlighting the benefits and shortcomings of each, followed by descriptions of methods to convert
chitin into chitosan and nanochitin. The second section of this review discusses some of the wide
range of applications of chitin and its derivatives.
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1. Introduction

Chitin is the second-most abundant natural polysaccharide in the world, exceeded
in mass only by cellulose. Chitin is a polymer composed of β-1,4-linked N-acetyl-D-
glucosamine. Three polymorphic forms of chitin exist, based on the arrangement of
polymer chains: α-chitin refers to when the chains lie antiparallel to one another, β-chitin
refers to chitin with parallel chains, and γ-chitin is a combination of α- and β-chitin,
with some chains parallel and some chains antiparallel to one another [1] (pp. 90–93).
Chitin can be found in the cell walls of fungi, the exoskeletons of arthropods, and in
some mollusks; α-chitin is the most abundant in nature and is commonly sourced from
crustacean shells [1,2]. The high degree of crystallinity and strong hydrogen bonds between
chitin chains render chitin insoluble in water and many organic solvents; despite this, chitin
has found applications in many fields, including textiles, paper making, medicine, and
wastewater treatment [1–4].

Chitosan is the partially deacetylated form of chitin, where a fraction of the N-acetyl-
D-glucosamine has been converted into D-glucosamine. The ratio of D-glucosamine to
N-acetyl-D-glucosamine in chitosan is referred to as the degree of deacetylation (DD).
Fully acetylated and fully deacetylated chitin do not exist in nature. The necessary DD
to be considered chitosan varies, but a DD of 50% or greater is generally considered
chitosan. Chitosan is the only natural cationic polymer [3,5]. Chitosan is considered the
most valuable derivative of chitin due to its myriad applications in a wide range of fields,
including medicine, agriculture, and its role in forming biodegradable plastics. Chitosan is
broadly appreciated for its biocompatibility, biodegradability, antimicrobial properties, and
low toxicity in the environment [2,5,6]. Chitin and chitosan are pictured in Figure 1.
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Approximately 9.4 million tonnes of crustaceans were fished through aquaculture in
2018. Wild fishing was an additional 6.3 million tonnes [7,8]. An estimated 6 to 8 million
tonnes of crustacean shell waste are discarded annually [9]. The majority of chitin sourced
from crustacean shells is extracted from shrimp and crab shells, though the potential of
other species is an active field of research. Independent of origin species, waste crustacean
shells are considered a sustainable source of biomass for the extraction of chitin, and
therefore production of chitosan [2,3,5,10,11].

This review summarizes developments in the extraction of chitin from crustacean
shells, production of chitosan and nanochitin, and applications for each of these materials.
prior reviews have delved extensively into extraction methods for chitin and related
materials; some describe a single suite of methodologies, whether they be chemical or
biological, and some approach the field as a whole [5,10–15]. Other reviews have discussed
work related to applications of these materials, including broad reviews providing surveys
on a wide range of applications and more focused reviews describing specific fields, such
as drug delivery, tissue engineering, and energetic applications [3,6,14–21]. The objective
of this review is to corroborate information regarding both the extraction and application
of chitin, chitosan, and nanochitin, including new developments since the publication of
those prior review articles.

2. Extraction Methods

Crustacean shells are largely composed of three components: Calcium carbonate,
proteins, and chitin [22]. The extraction of chitin requires separation of chitin from the
other parts of the shell. Extraction techniques can be broadly described as either chemical
or biological methods. This section contains descriptions of chitin extraction methods,
including specific developments, and culminates in a comparison of the benefits and
drawbacks of each.

2.1. Chemical Methods

Chemical extraction of chitin usually involves two steps: Demineralization and depro-
teination. The order of these steps does not matter in most cases. Often, demineralization
is performed before deproteination to increase the surface area for deproteination. Since
demineralization is usually performed by exposing crustacean shells to acidic conditions
and deproteination is performed by exposing the shell to alkaline conditions, this is re-
ferred to as the acid-alkali method of chitin extraction [2,5,11]. The acid-alkali method is
the method most common in industrial extraction due to the low cost of reagents and lack
of specialized equipment required for reactions [23]. Concerns about the release of toxic
acid and alkaline waste into the environment have prompted research into alternatives.
Recent developments include the use of ionic liquids, deep eutectic solvents, and other
novel processes with the aim of green chitin extraction [12,24,25].
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2.1.1. Demineralization

Chemical demineralization typically involves exposing crustacean shells to acidic
conditions to dissolve shell minerals that are then separated from the residual shell solids.
Both mineral and organic acids have been employed for demineralization; hydrochloric
acid (HCl) is the most used, though concerns about environmental toxicity have prompted
a turn toward organic acids such as citric, acetic, and lactic acids [11,26]. Demineralization
is usually performed at room temperature over a period of 2–3 h, though there has been
some indication that these reaction times are excessively long with little to no benefit over
shorter ones [5,26].

Due to the simplicity of chemical demineralization, modifications are typically in the
concentration and choice of acid. Acids must be able to dissolve calcium carbonate, the
principal shell mineral, and ideally produce water-soluble salts that can be easily separated
from the shell remnants. Modifications in the demineralization process have also included
using multiple treatments with acid. Pohling et al. performed a two-step demineralization
with citric acid, washing the ground shrimp shells between treatments [27]. Despite the
poor solubility of calcium citrate, they managed to remove shell minerals to an extent
comparable to a typical one-step HCl demineralization [27]. Trung et al. also split the
demineralization step into two stages by pre-treating whole shrimp shells with dilute
hydrochloric acid for 12 and 24 h [28]. The intended use of this process was to store shells
without odour, but it also reduced the ash content from approximately 22% to as low
as 0.7% before the formal demineralization process; the following HCl demineralization
further lowered the ash content of the shells [28]. Yang et al. bubbled carbon dioxide
through deionized water to dissolve calcium carbonate, mimicking the natural process of
speleogenesis through the prodution of carbonic acid [23]. Increasing the partial pressure
of carbon dioxide allowed for removal of close to 100% of shell minerals, though large
volumes of water were required due to the poor solubility of the calcium bicarbonate
produced by the reaction [23]. Demineralization processes and results are summarized in
Table 1.

Table 1. Chemical methods of demineralization.

Method Source Species Concentration Duration Ash Content (%) Reference

CO2 (aq)
Gray shrimp

(Crangon crangon) 10 atm 2 h <1 [23]

HCl Marine shrimp
(Parapenaeopsis stylifera) 1 M 24 h 0.01 [26]

HCl Northern shrimp
(Pandalus borealis) 31.45% 2 h 0.29 ± 0.05 [27]

Citric acid (x2) Northern shrimp
(Pandalus borealis) 50% 35 min/1 h 0.34 ± 0.12 [27]

HCl (after 12 h in 0.28 M HCl) White shrimp
(Litopenaeus vannamei) 0.80 M 12 h 0.1 [28]

Lactic acid Red crab
(Chionoeetes japonicus) 5% 5 days 6.0 ± 0.2 [29]

HCl Rock lobster
(Jasis lalandii) 31% 2 h <2 [30]

2.1.2. Deproteination

Chemical deproteination is the process by which chitin is separated from the other
organic shell components. The most common method for this is to use strong bases and
high temperatures to render the proteins water-soluble and wash them from the chitin.
Sodium hydroxide (NaOH) is the most common base used for deproteination due to its
low cost [5,11,23]. Reaction temperatures are typically between 65 ◦C and 100 ◦C, though
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some studies perform reactions at room temperature and some at temperatures above
100 ◦C [5,11,23,27]. Concerns about polluting the environment with high concentrations
of sodium ions have directed researchers to alternative bases with less toxic cations (e.g.,
potassium hydroxide) or other deproteination methodologies [11]. Inspired by the ability
of pressure cookers to tenderize proteins in meat, Yang et al. replaced reactions with
strong bases with hot water in a pressure vessel [23]. Chitin produced through this method
possessed a lower molecular weight than that produced through a normal acid/alkali
method but were similar in terms of morphology and purity [23].

Borić et al. did away with aqueous reaction media entirely, instead looking to dielectric
barrier discharge plasma (DBD plasma) to deproteinate chitin [24,25]. A preliminary work
with unprocessed shrimp shells described up to a 42% reduction in protein content in
6 min [24]. Further research put shrimp shells through the DBD plasma apparatus after
demineralization. The DBD plasma both stripped away any residual mineral content and
approximately 90% of proteins contained within the shells [25]. The main advantage of
the DBD plasma method over other deproteination methods is that the by-products were
carbon monoxide, carbon dioxide, hydrogen, and nitrogen—all gaseous; the only solvent
waste collected was the demineralization effluent [25]. Table 2 summarizes results from
chemical deproteination.

Table 2. Chemical methods of deproteination.

Method Source Species Concentration Temperature/
Duration

Chitin Yield/
Residual Protein Reference

Pressurized hot water Gray shrimp
(Crangon crangon) - 180 ◦C/1 h -/4.7% [23]

DBD plasma Shrimp
(Species unspecified) - -/6 min -/58% [24]

DBD plasma Northern shrimp
(Pandalus borealis) - -/2 × 6 min 17%/<10% [25]

NaOH Marine shrimp
(Parapenaeopsis stylifera) 10% 90 ◦C/3 h 20%/<1% [26]

NaOH White shrimp
(Litopenaeus vannamei) 0.68 M Ambient/24 h -/0.92–0.96% [28]

NaOH Rock lobster
(Jasis lalandii) 5% 80–85 ◦C/2 × 30 min 24.0%/- [30]

NaOH Shrimp
(Marsupenaeus japonicus) 10% 90 ◦C/3 h 16.08 ± 0.57%/

1.13 ± 0.01% [31]

NaOH Lagoon crab
(Callinectes amnicola) 2.39 M 70 ◦ C/2 h 19.36 %/- [32]

NaOH Snow crab
(Chionoectes opilo) 10% 90 ◦C/3 h 58.7 ± 0.8% of

available/- [33]

2.1.3. Ionic Liquids and Deep Eutectic Acids

Another method of chitin extraction is through solvation in ionic liquids (ILs). Ionic
liquids are salts with melting points below 100 ◦C and are composed of a large organic
cation and a smaller anion that is either organic or inorganic. They are attractive as “green”
solvents due to their low vapour pressure, thermal stability, low flammability, and potential
for recycling after use [12,34].

Ionic liquids have drawn attention for their ability to dissolve biomass, including
polysaccharides with poor solubility [12]. Chitin extraction through ionic liquids involves
dissolving crustacean shells in an ionic liquid and precipitating the chitin via an antisolvent,
a reagent added to render the chitin insoluble [34]. Dissolution can involve tempera-
tures above 100 ◦C, depending on the ionic liquid [12,34]. Common antisolvents include
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methanol, ethanol, and aqueous solutions; aqueous acids carry the benefit of aiding in
demineralization, potentially yielding chitin with less contamination [34–39]. Ionic liquids
dissolve chitin by inserting anions that disrupt the hydrogen bond network between and
within chitin chains [39]. Factors influencing the ability for ionic liquids to dissolve chitin
include the crystallinity, molecular weight, and DD of the chitin and the identity of the
ionic liquid [34,39]. High crystallinity or high molecular weight of a chitin sample inhibit
solvation [39]. Chitin solubility improves with higher DD values, particularly when the
DD is 50% or higher [39]. Anions that act as hydrogen bond acceptors show greater ability
to dissolve chitin, though this is also dependent on interactions with the cation [34,39].

Shimo et al. noted that ethylenediamine could enter chitin crystals and join the hydro-
gen bond network within [40]. Preliminary tests indicated that the addition of ethylene-
diamine to ionic liquids allowed for the dissolution of chitin at room temperature [40].
Tetraalkylammonium hydroxides may be an exception, as several have demonstrated the
ability to dissolve chitin at room temperature [40,41].

Many ionic liquids have been demonstrated to dissolve chitin and could potentially
be directed toward its extraction of biomass, including tetraalkylammonium hydroxides
and dialkylimidazolium-based ionic liquids [12,39,41]. Tolesa et al. determined that
ammonium-based ionic liquids diisopropylethylammonium acetate ([DIPEA][Ac]), diiso-
propylethylammonium propanoate ([DIPEA][P]), and dimethylbutylammonium acetate
([DMBA][Ac]) were all applicable in the dissolution of shrimp shells. Of these, [DIPEA][Ac]
produced the highest yield of chitin after regeneration with aqueous citric acid [37].
Wineinger et al. extracted chitin from shrimp shells using 1-ethyl-3-methylimidazolium
acetate ([EMIM][OAc]) to dissolve the shells and deionized water as an antisolvent [36]. In-
terested in replacing the complicated synthesis of [EMIM][OAc] with the simpler synthesis
of an ionic liquid with a halide anion, Setoguchi et al. attempted the extraction of chitin
from crab shells with 1-allyl-3-methylimidazolium bromide ([AMIM][Br]). The extraction
was successful after regeneration with citric acid [38].

Criticisms have been levied at the “green” label associated with ionic liquids due to
their toxicity and poor biodegradability [42]. Deep Eutectic Solvents (DESs) were developed
as alternatives to ionic liquids without moisture sensitivity and with biodegradability in
mind [43]. DESs are composed of a hydrogen bond donor and acceptor pair, allowing
for similar solvation properties to ionic liquids. Early DESs contained metal ions [43].
In pursuit of lower toxicity, natural deep eutectic solvents (NADESs) were developed;
NADESs are composed of primary metabolites and offer a lower-cost, biodegradable
option for the extraction of biomass [42,44,45]. Among NADESs used for chitin extraction,
choline chloride (ChCl)/organic acid combinations are the most common due to their low
toxicity and ability to remove calcium carbonate; betaine is another common hydrogen bond
acceptor, and hydrogen bond donors include organic molecules such as glycerol, ethylene
glycol, and urea [12,13,46,47]. Saravana et al. tested deep eutectic solvents composed of
choline chloride and various other components such as organic acids and alcohols for their
ability to extract chitin from shells of the shrimp species Marsupenaeus japonicus [31]. Of
the tested deep eutectic solvents, ChCl-malonic acid at a 1:2 ratio was deemed the best for
chitin extraction. Higher yields were obtained with the NADES compared to an acid/alkali
method, though the acid/alkali method was more effective at removing shell minerals
and proteins [31]. To work around the relatively limited ability of NADESs to remove
proteins shell minerals, Rodrigues et al. added water to the NADES/chitin solution after
the extraction step and stirred for 30 min [46]. This both precipitated the chitin out of the
NADES solution and generated an acidic environment to facilitate the removal of shell
minerals and hydrolysis of proteins [46]. Adding a decolouration step with hydrogen
peroxide produced chitin with up to 98% purity with one third of the losses associated with
the acid/alkali method [46]. Use of microwave radiation has also been indicated to improve
the demineralization and deproteination capabilities of DESs; in a study by Huang et al., it
was found that more than 99% of minerals were removed from shrimp shells after 9 min
of irradiation and that deproteination improved with a higher NADES/shell ratio up to
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the maximum 20:1 [48]. Similar effects were observed by Zhao et al., though no significant
difference was observed in the chitin product after 7 min of microwave irradiation [49].
This study also included a demineralization step with citric acid before solvation in DESs
to produce chitin of similar purity to an acid/alkali method with a higher yield [49].

NADESs can be composed of more than two components. Wang et al. tested a
range of binary and ternary NADESs incorporating molecules similar to chitin, e.g., N-
acetyl-D-glucosamine and D-gluconic acid, for their ability to extract chitin from the
shells of snow crabs [33]. They determined that, of the tested NADESs, ChCl/N-acetyl-
D-glucosamine/formic acid at a 1:0.6:1.4 ratio produced chitin with a higher yield and
comparable purity to an acid/alkali method [33]. Other tested NADESs had some combina-
tion of low yield and low purity compared to the acid/alkali test [33]. The NADES selected
as best produced chitin with a molecular weight more than triple that extracted through
the acid/alkali method [33]. The NADES proved to be recyclable, though with a slight
reduction in the purity of extracted chitin with each regeneration of NADES [33]. Bisht et al.
corroborated the recyclability of DESs, with only approximately 5% loss of chitin weight
with each reuse [47]. It was noted that the DESs became discoloured after three extractions,
despite cleaning the solvents of protein and mineral waste with absolute ethanol between
uses [47]. DESs can be recycled without flushing contaminants with other solvents, though
accumulated protein and mineral waste can render the DES too viscous to effectively use
as a solvent [48]. The viscosity of DESs, even those untainted by waste materials, render
large-scale chitin extraction difficult. Table 3 summarizes some results of chitin extraction
with ionic liquids and DESs.

Table 3. Ionic liquid and deep eutectic solvent methods of chitin extraction.

Method Source Species Reagent Temperature/
Duration Chitin Yield Reference

DES
Shrimp

(Marsupenaeus japonicus)

ChCl–lactic acid (1:2)

80 ◦C/2 h

29.20 ± 1.97%

[31]
ChCl–ethylene glycol (1:2) 52.45 ± 2.01%

ChCl–urea (1:2) 50.54 ± 1.07%

ChCl–malonic acid (1:2) 23.86 ± 0.07%

DES
Snow crab

(Chionoecetes opilio)

ChCl–N-acetyl-D-glucosamine (2:1)

130 ◦C/3 h

90.6 ± 1.2% *

[33]

ChCl–D-gluconic acid (1:2) 82.7 ± 0.7% *

Betaine–D-gluconic acid (1:2) 90.7 ± 1.6% *

ChCl–N-acetyl-D-glucosamine–formic
acid(1:1:1) 88.2 ± 1.2% *

(1:0.6:1.4) 85.6 ± 2.4% *

IL White shrimp
(Litopenaeus vannamei) [EMIM][OAc] 80 ◦C/0.5 h 13–18% [36]

IL
Shrimp

(Species unspecified)

[DIPEA][Ac]

110 ◦C/18 h 11.1%

[37]

110 ◦C/24 h 13.4%

110 ◦C/30 h 14.7%

[DIPEA][P]

110 ◦C/18 h 10.0%

110 ◦C/24 h 11.5%

110 ◦C/30 h 12.1%

[DMBA][Ac]

110 ◦C/18 h 10.9%

110 ◦C/24 h 12.2%

110 ◦C/30 h 13.7%
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Table 3. Cont.

Method Source Species Reagent Temperature/
Duration Chitin Yield Reference

IL Red queen crab [AMIM][Br]

80 ◦C/24 h 6.1%

[38]100 ◦C/24 h 7.5%

120 ◦C/24 h 12.6%

DES Red crayfish
ChCl–lactic acid (1:2)

115 ◦C/20 h
85 ± 1%

[47]
Betaine–lactic acid (1:2) 85 ± 1%

* Yield taken in terms of available chitin, not total mass.

2.2. Biological Methods

Biological methods of chitin extraction can be classified as either enzymatic meth-
ods or fermentation methods. As the names imply, the former uses enzymes to break
down crustacean shells and the latter uses bacteria to digest the shells until only chitin
remains [2,10,11]. In general, biological methods produce chitin with a high molecular
weight and low DD but struggle to completely demineralize and deproteinate chitin [11,29].

2.2.1. Enzymatic Methods

Enzymatic methods describe the use of proteinases to remove shell proteins and
isolate chitin. Proteinases used in chitin extraction are commonly sourced from bacteria or
the entrails of marine life [11,50]. Enzymatic methods exploit the specificity of enzymes
and mild reaction conditions (commonly 25–59 ◦C) to remove proteins with minimal
deacetylation and damage to the chitin chain [11,13,51]. Reaction times are similar to those
seen in chemical deproteination: Typically on the scale of 2–8 h, though some reports
allow reactions to continue up to 24 h [13]. Even with longer reaction times, it is rare for
deproteination to exceed 90% through enzymatic methods; this is attributed to the loss of
active sites to which enzymes can bind as proteins are removed from chitin [11,13,50–52].
Hamdi et al. reported that this limitation persists even when the optimum enzyme function
is under alkaline (pH 8.0) conditions [50]. Cost is also a limiting factor, particularly when
scaling up chitin production is considered; proteinases are costly compared to the bases
used in chemical deproteination [11,51]. Despite the high cost, the supernatant produced
through enzymatic extraction of chitin contains amino acids and is valuable as a nutritional
resource [10,50].

2.2.2. Fermentation Methods

Fermentation methods replace enzymes with bacterial cultures, decreasing costs when
scaling up reactions. Unlike enzymatic extraction, fermentation methods can incorporate
demineralization through the use of acid-producing bacteria; lactic acid-producing cultures
are commonly used for this purpose [10,11,13]. Lactic acid fermentation can be sufficient for
the complete extraction of chitin [53]. Some species of lactic acid-producing bacteria possess
lackluster deproteination capabilities; fermentation with protease-producing cultures can
follow to improve the purity of produced chitin [54–56]. Protease-producing bacteria alone
rarely provide adequate demineralization and often require an additional demineralization
step [55–58].

Fermentation methods of chitin extraction require the preparation of media to support
culture growth. The medium may be a complicated mixture of reagents to achieve optimal
chitin extraction [58]. Independent of optimization, all media require a source of carbon
for the bacteria to convert into acid; glucose is a common selection for small-scale experi-
ments [10,13]. To lower costs and exploit multiple waste streams, Tan et al. experimented
with using the autoclaved waste peels and pulps of ten different fruits as the carbon source
for fermentation [56]. Of the tested fruit waste, the pulp of red grapes proved to be the best
carbon source for extraction of chitin, yielding 12.2% of the mass of the initial shrimp shells
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and producing chitin with lower protein and mineral contents than that produced with
other fruit waste [56].

As with the enzymatic methods, the supernatant generated by fermentation carries
valuable amino acids [58]. Biological extraction processes are summarized in Table 4. The
largest drawback to fermentation methods are the long fermentation times. Experiments
tend to last three or more days; fermentation times of a week are common [10,13].

Table 4. Biological methods of chitin extraction.

Bacterial
Strain/Enzyme Source Species Carbon Source Duration

Deproteination
(%)/

Demineralization
(%)/

Chitin Yield (%)

Reference

Protease from P.
segnis viscera

Blue crab
(Portunus segnis)

Shrimp
(Penaeus

kerathurus)

- 3 h

84.69 ± 0.65/100 */
19.06 ± 1.65

91.06 ± 1.40/100 */
22.23 ± 0.94

[50]

Protease from
Streptomyces griseus

Shrimp
(Litopenaeus
vannamei)

- 3 h 91.10/98.64 */- [51]

Pseudomonas
aeruginosa

Shrimp
(Penaeus

merguiensis)
Glucose 6 days 96.44 ± 0.72/ */

23.23 ± 3.75 [53]

Lactobacillus
acidophilus

Pacific white leg
shrimp

(Litopenaeus
vannamei)

Glucose 3 days 76/90.7/7.7 [54]

Lactobacillus
rhamnoides,

Bacillus
amyloliquefaciens

Shrimp
(Litopenaeus
vannamei)

Glucose 7 days 96.8/97.5/19.6 [55]

Lactobacillus
plantarum,

Bacillus subtilis

Shrimp
(Species

unspecified)

Glucose

5 days

-/-/10.0

[56]Red grape
Pomade -/-/12.2

White grape
Pomade -/-/11.8

Mango peel -/-/11.0

Brevibacillus
parabrevis Giant tiger shrimp Shrimp head

powder 4 h 95.91 ± 2.01/ */
16.87 ± 3.03 [57]

Bacillus cereus Shrimp
(Penaeus monodon)

Shrimp shell
powder 7 days 97.42 ± 0.28/53.76

± 0.21 (90 *)/- [58]

* Chemical demineralization step.

2.3. Comparison of Extraction Methods

On average, the comparatively low costs of acids and bases required for acid/alkali
extraction of chitin make it among the cheapest methods. Acid/alkali extraction has short
reaction times, does not require highly specialized reactors, and effectively removes proteins
and minerals to yield high purity chitin [11,13]. Even when low-toxicity organic acids are
used for demineralization, the alkaline residue following deproteination is toxic in the envi-
ronment; the intense reaction conditions also can lead to accidental deacetylation and chain
degradation, which lowers the molecular weight and yield of produced chitin [11,13,59].
Ionic liquids solve the issues of low molecular weight and unwanted deacetylation but
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come at increased cost, though some of the cost is mitigated in the recyclability of ionic
liquids. Ionic liquids are still toxic in the event of environmental release [12,34]. Deep
eutectic solvents share the benefits of ionic liquids at a lower cost and lower environmental
toxicity, though costs still exceed those of acid/alkali extraction and the high viscosity of
DESs frustrate attempts to increase the scale of chitin extraction [12,59].

Biological methods carry the advantage of negligible environmental toxicity and high
molecular weight products, though are far more costly than the acid/alkali method and
struggle to completely demineralize and deproteinate chitin [11,29]. Enzymatic methods
require a separate demineralization step, often performed with the same chemicals as in
the acid/alkali method, and scale poorly due to the cost of enzymes [11,51]. Fermentation
resolves the issues with scaling inherent to enzymatic methods but require specialized reac-
tors and preparation of reaction media to fully take advantage of the cultures [10,11,13,29].
Biosecurity can also be a concern when attempting to import bacterial strains [11].

Representations of extraction methods, including by-products, waste products, and
common reagents, are shown in Figure 2.
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3. Deacetylation

Chitin can be converted into chitosan through deacetylation, wherein N-acetyl groups
are converted into amine. The traditional chemical approach is to expose chitin to con-
centrated alkaline solutions at temperatures usually above 100 ◦C [5,11,60]. As with
deproteination, sodium hydroxide is a common choice for deacetylation, though at much
higher concentrations; up to 50% sodium hydroxide is common, and some reports use
concentrations as high as 70% [5,11]. The caustic conditions of chemical deacetylation can
lead to reductions in the molecular weight of products [5,11,60]. Deacetylation reactions
tend to last between 30 min and 5 h; some reactions last up to 24 h [5,11,61]. Longer reaction
times, higher temperatures, and higher alkali concentrations correspond to higher degrees
of deacetylation at the cost of molecular weight [5,61].

The biological method for deacetylation is through the enzyme chitin deacetylase,
sourced from fungi, and is similar in execution and limitations to enzymatic methods of
chitin extraction [11,54]. This method is rare, as the enzymes are not commercially available
and those extracted from biomass suffer from low activity [41,62,63].

Several ionic liquids improve the activity of chitin deacetylase. Aspras et al. tested
the effects of twelve ionic liquids on chitin deacetylase; of the tested ionic liquids, 1-
allyl-3-methylimidazolium chloride ([Amim][Cl]) increased the function of deacetylase
the most [62]. Other ionic liquids containing the chloride anion decreased the enzyme
activity [62]. All tested ionic liquids containing the bromide anion increased enzyme
activity [62]. Further work with butyl-3-methylimidazolium bromide ([Bmim][Br]) found
that the ionic liquid increased deacetylase activity at low concentrations and inhibited
activity at higher concentrations (above 1 mg/mL in solution with chitin deacetylase) [63].
Ma et al. found that tetrabutylammonium hydroxide also increased deacetylase activity,
suggesting that the promotional effect is not limited to imidazolium-based ionic liquids [41].

Ionic liquids have also demonstrated use in increasing the degree of deacetylation of
chitosan. Ishii et al. dissolved chitosan in 1-butyl-3-methylimidazolium acetate (BMIMOAc)
and heated the solution to 100 ◦C for 2 h under a nitrogen atmosphere [64]. This increased
the degree of deacetylation in the chitosan from 77.3% to 86.7% with only acetic acid as a by-
product [64]. The BMIMOAc was recovered, indicating that the solvent could be recycled
for further use [64]. Aqueous tetraalkylammonium hydroxide solutions have indicated
the ability to deacetylate dissolved chitin at ambient temperatures, though the experiment
performed by Shimo et al. required two weeks to do so [40]. Table 5 summarizes the results
from both alkali and ionic liquid deacetylation. Figure 3 graphically represents routes of
deacetylation to yield chitosan from chitin.

Table 5. Methods and results of chitin deacetylation.

Method Reagent Temperature/Duration Chitosan Yield DD Reference

Alkali 50% NaOH 84.46 ◦C/
187 min - 84.2% [32]

Alkali 40% NaOH 100 ◦C/12 h - 93% [37]

IL [N2,2,2,2][OH]/water (1:7.5) Ambient/
2 weeks - 91% [40]

Alkaline 50% NaOH 120 ◦C/4 h - 71.9% [52]

Alkaline 50% NaOH 121 ◦C/
30 min 50% 80% [60]

Alkaline 50% KOH, ethanol,
monoethyleneglycol 120 ◦C/24 h 75% (Maia squinado)

77% (Homarus vulgaris)
97%
90% [61]

IL [BMIMO][Ac] 100 ◦C/2 h - 86% [64]
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4. Nanochitin Synthesis

Nanochitin is a term that refers to chitin structures on the nanoscale. The morphology
of chitin nanostructures varies based on the source and method of extraction, typically
falling into the categories of nanofibers, nanocrystals, and nanoparticles, based on the
morphology of the nanostructure [14]. Nanofibers and nanocrystals share a similar mor-
phology; both are long, crystalline rods with high aspect ratios. Nanofibers differ from
nanocrystals in length; nanocrystals are up to hundreds of nanometres long, while the
length of nanofibers can extend into microns [15]. Nanoparticles describe nanostructures
that lack the crystallinity and aspect ratios of the other morphologies due to differences
in synthetic methods [14]. This section of the review describes methods to synthesize
nanochitin and is graphically summarized in Figure 4.

Nanochitin was first synthesized by Revol and Marchessault in 1993 by exposing chitin
to 3 M HCl for up to 6 h to produce chitin nanocrystals [65]. This method has become the
template for the acid hydrolysis method of nanochitin synthesis, one of the more common
methods of synthesizing nanochitin [14,15,66]. In acid hydrolysis, strong acids in concen-
trations near 3 M remove the amorphous regions of chitin, leaving behind short, highly
crystalline fibers [14,15,65]. Reaction temperatures near 100 ◦C facilitate dissolution of the
amorphous regions and ultrasonication often follows to better disperse the fibers [14,15].
Acid concentration influences the morphology of produced nanochitin; lower concentra-
tions lead to larger particle sizes and, at sufficiently low concentrations, can leave some
amorphous regions intact to yield chitin nanofibers instead of nanocrystals [67]. Acidic
deep eutectic solvents can replace strong acids for a recyclable alternative to minimize
waste [68].

Oxidation reactions mediated by the 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) have also been used as a method of nanochitin synthesis. In these reactions, NaBr,
TEMPO, and a co-oxidant (e.g., NaClO) in basic conditions (pH 10–11) selectively oxidize
the chitin C6 hydroxyl group over the course of 48 h, rendering amorphous regions of the
chitin water-soluble [69]. The insoluble crystalline parts are chitin nanocrystals. Larger
amounts of co-oxidant in the reaction yield shorter crystal lengths as more sites on the
chitin chain are oxidized and dissolve [14,15,69]. TEMPO-mediated oxidation reactions can
be performed at room temperature, though reaction times are far longer than those of acid
hydrolysis [14,15,69]. Long reaction times and comparatively high cost contribute to the
more widespread use of acid hydrolysis for nanochitin synthesis.
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To decrease the reaction time and energy consumption of nanochitin extraction,
Fernández-Marín et al. employed a microwave-assisted extraction technique to synthesize
chitin nanocrystals and nanofibers [70]. Chitin was immersed in 1–3 M hydrochloric acid
and reacted in a microwave for 10–30 min [70]. Yields and morphologies from microwave-
assisted extraction were reported to be similar to those of TEMPO oxidation, traditional
acid hydrolysis, and mechanical methods despite shorter reaction times [70]. This method
was limited primarily by the requirement of a microwave reactor.

Mechanical disintegration typically produces chitin nanofibers rather than nanocrys-
tals [15]. Mechanical methods can include the use of blenders, grinders, homogenizers,
or microfluidizers and require only mildly acidic conditions [15,71]. Ultrasonication can
yield chitin nanofibers in neutral pH conditions, though the process is facilitated by surface
ionization methods such as partial deacetylation or oxidation [72]. These mild methods lack
the ability to fully break down the amorphous regions to yield nanocrystals [15,71]. Partial
deacetylation of chitin before mechanical disintegration yielded Fan et al. nanocrystals
instead of nanofibers; this was attributed to the improved solubility of deacetylated chitin
and electrostatic repulsion induced by cationic charges along the surface of the crystals [73].

Chitin nanoparticles also require sufficiently deacetylated chitin for synthesis, as they
require cross-linking through amine groups not found in acetylated chitin [14]. In general,
partially deacetylated or chemically modified chitin is dissolved in the presence of an
ionic cross-linking agent (e.g., tripolyphosphate or iron (iii) chloride) [14,74]. Following
cross-linking, the amorphous nanoparticles crash out of solution [74]. Synthetic methods
for nanochitin are summarized in Table 6.
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Table 6. Methods and results of nanochitin synthesis.

Method Product Yield Dimensions
(Diameter/Length) (nm) Reference

Acid hydrolysis Nanocrystals 65% 6–8/50–300 [65]

Acid hydrolysis Nanocrystals 87.5% 42–49/257–670 [68]

TEMPO-mediated
oxidation Nanocrystals 90% 8/340 [69]

Microwave irradiation Nanocrystals
85.3 ± 0.37% (Lobster) 41.62 ± 10.92/

314.74 ± 62.50
[70]

79.92 ± 0.24% (shrimp) 42.16 ± 4.62/
386.12 ± 47.49

Mechanical
disintegration Nanofibers - 3.6–3.9/1000–1500 [71]

Partial deacetylation,
mechanical

disintegration
Nanocrystals 85–90% 6.2 ± 1.1/250 ± 140 [73]

Dissolution,
cross-linking Nanoparticles - 237–429 (diameter) [74]

Acid hydrolysis Nanocrystals 86% 18–40/200–560 [75]

Acid hydrolysis Nanocrystals 55–60% 6–8/100–200 [76]

Acid hydrolysis Nanocrystals 40% 20/300 [77]

5. Applications

Chitin is inert in the digestive tracts of mammals, has low toxicity, and is biodegradable.
In part due to these properties, chitin has found use in a wide range of fields, including cos-
metics, paper making, wastewater treatment, wound dressing, and tissue engineering [3].
Chitosan has been researched for use in similar fields; improved solubility over chitin has
led to chitosan also finding applications in plastics [3,6]. Figure 5 visually represents some
of the applicable fields of chitin, chitosan, and nanochitin. Figure 6 graphically displays
the proportion of each material for each field of application, estimated by the number of
citations in each section of this review.

5.1. Filler Material/Plastics

Strong hydrogen bonds between chitin chains limit the solubility of chitin. Poor
solubility has restricted the applications of chitin. By comparison, chitosan is soluble in
mild acidic conditions, e.g., 1% acetic acid solutions; as a result, the bulk of application-
side research has been devoted to chitosan rather than chitin, particularly regarding thin
films [1–4]. Chitosan thin films are often synthesized through a simple solution-casting
process. Briefly, chitosan solutions are cast onto a plate and the solvent is evaporated away,
leaving behind a thin film. Chitosan thin films tend to be brittle; the inelasticity is attributed
to hydrogen bonds between chitosan chains [78].

The properties of chitosan-based plastics can be manipulated with the addition of
other materials. The addition of plasticizers such as glycerol or castor oil interrupt the
hydrogen bonds in chitosan films, rendering the films more flexible and elastic [78]. When
identifying the effects of additives on the mechanical properties of film, it is common
to compare the tensile strength and elongation at break. Starches from various plant
sources have been demonstrated to decrease the tensile strength of chitosan films and
increase the elongation at break; these effects were observed independent of the addition
of plasticizers [79–81]. Liquid smoke had a similar effect on the mechanical properties
of cellulose/glycerol/chitosan plastics. Unlike the starches, liquid smoke slowed the
biodegradation of the thin films [82]. Choo et al. observed a reduction in tensile strength and
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an increase in elongation at break with the addition of essential oils to chitosan/acetylated
starch films. Increasing concentrations of essential oils in the films were also correlated to
increased antimicrobial properties [83]. Essential oils do not universally manipulate the
mechanical properties in this way; Castro et al. observed no statistically significant change
in tensile strength with the addition of tea tree essential oil (TTEO) to chitosan/polyvinyl
alcohol films up to 1.5% (w/w) concentration [84].
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Conversely, chitosan as an additive to other plastics has been demonstrated to increase
the tensile strength and add antimicrobial properties where none existed prior [82,85–87].
Phosphorylated cellulose nanocrystals and microcrystals increased the tensile strength
and antimicrobial properties of chitosan films and improved biodegradability [88]. The
addition of cellulose nanocrystals also increased the thermal stability of the films [88].
Kongkaorophtham et al. modified chitosan nanoparticles with organic polymers deoxy-
cholic acid, poly(stearyl methacrylate), and poly(ethylene glycol) methyl ether methacry-
late for use as an additive to polylactic acid films [89]. Addition of any of these modified
nanoparticles improved the antimicrobial properties and tensile strength of the films and
decreased the elongation at break [89]. The addition of metal oxides during the formation
of chitosan films can improve the antimicrobial properties of the films, as demonstrated
by Hammi et al. [90]. Excessive addition of metal oxides led to films becoming brittle and
cracking [90]. Additional work by Sapei et al. suggested that the addition of metal oxides
can also influence the mechanical properties of chitosan plastics; they found that adding
zinc oxide to chitosan-banana starch plastics improved the tensile strength of the materials
and decreased both the elongation and water uptake of the plastics [91].
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The interest in chitosan plastics is in part derived from their biodegradability.
Biodegradability renders chitosan plastics favourable over petroleum-based alternatives
that persist in the environment, particularly for single-use applications. Plastics containing
chitosan have been investigated as edible films for food packaging [92]. Chitosan-based
films have been demonstrated to improve the shelf-life of both meats and produce [92–94].
The improvement to shelf-life has been attributed to a combination of chitosan acting as
an antioxidant and vapour barrier in addition to its antibacterial and antifungal proper-
ties [92–94]. Biodegradability favours formulations other than thin films; though most
plastics research is devoted to thin films, 3D objects on the scale of chess pieces have been
constructed from chitosan via injection molding [95]. On that scale, changes in volume
due to solvent evaporation became a concern; to minimize changes in volume during the
evaporation process, Fernandez and Ingber added wood flour to the chitosan solutions [95].

Nanochitin has also been incorporated into edible films for food preservation. Heidari et al.
produced thin chitin nanofiber films and nanocomposites containing biodegradable poly-
mers with chitin nanofibers as the base [96]. Nanofiber/polyvinyl alcohol, nanofiber/gelatin,
and nanofiber/thermoplastic starch films showed improved tensile strength, and greater
water vapour permeability compared to pure nanofiber films [96]. Addition of nanochitins
improved the tensile strength of polymer films and introduced antifungal and antibacte-
rial effects [72,97–99]. Tests comparing chitin nanofibers to chitin nanocrystals as fillers
indicated that nanofibers yield higher tensile strengths and greater fungal growth inhibi-
tion that films with nanocrystals as fillers [100]. These properties are not limited to thin
films; chitin nanowhiskers cross-linked with chitosan via isocyanate hexamethylene-1,6-
di-(aminocarboxysulfonate) (HDS) produced hydrogels with up to 80× greater tensile
strength compared to neat chitosan hydrogels, though the swelling capacity was reduced
by up to approximately 90% with the addition of nanowhiskers [76]. Comparison among
plastic formulations is drawn through summary of their mechanical properties in Table 7.
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Table 7. Mechanical properties of polymer films containing chitosan or nanochitin.

Composition Tensile Strength
(MPa)

Elongation at Break
(%) Young’s Modulus (MPa) Reference

40/60 Chitosan/yellow pumpkin starch, 15% v/v castor oil 6.787 ± 0.274 13.451 ± 3.709 6.093
[80]

60/40 Chitosan/yellow pumpkin starch, 15% v/v castor oil 2.563 ± 1.055 7.285 ± 1.135 5.263

Chitosan, 30% v/v glycerol 5 14
- [81]

70/30 Chitosan/banana starch, 30% v/v glycerol 2.5 28

50/50 Chitosan/cassava peel starch, 30% v/v glycerol, 90 35

- [82]50/50 Chitosan/cassava peel starch, 30% v/v glycerol, 1 mL liquid smoke 85 42

50/50 Chitosan/cassava peel starch, 30% v/v glycerol, 2 mL liquid smoke 55 28

Chitosan 13.5 56

- [83]Chitosan/1.0% v/v essential oil 12.5 22

Chitosan/2.0% v/v essential oil 10.0 32

Starch film 9.54 ± 0.84 51.01 ± 1.32 16.50 ± 1.10

[86]Starch/1% w/w Chitosan nanoparticle 14.74 ± 16.7 46.19 ± 1.71 24.20 ± 1.04

Starch/4% w/w Chitosan nanoparticle 24.91 ± 0.81 34.29 ± 1.69 47.11 ± 2.51

Chitosan film 40 27 1200

[88]
Chitosan/3% w/w microcrystalline

cellulose 43 20 1350

Chitosan/3% w/w nanocrystalline
cellulose 50 24 1400

Polylactic acid film 46 5

- [89]
PLA/2% w/w chitosan nanoparticle 33 6.5

PLA/4% w/w chitosan nanoparticle 27 7.3

PLA/10% w/w chitosan nanoparticle 23 6.3
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Table 7. Cont.

Composition Tensile Strength
(MPa)

Elongation at Break
(%) Young’s Modulus (MPa) Reference

70/30 Chitosan/starch,
30% v/v glycerol 2 28

- [91]70/30 Chitosan/starch, 1% w/w ZnO, 30% v/v glycerol 30 10

70/30 Chitosan/starch, 3% w/w ZnO, 30% w/w glycerol 35 8

70/30 Chitosan/starch, 5% w/w ZnO, 30% w/w glycerol 17 7

Starch 1.5 77 5

[97]

Starch/5% w/w chitin nanocrystals 2 35 25

Starch/20% w/w chitin nanocrystals 3 18 60

Starch/5% w/w chitin nanofibers 5 16 30

Starch/20% w/w chitin nanofibers 10.5 3 400

Maize starch 1.64 ± 0.11 175 ± 7.07 -

[99]
Maize starch/0.5% w/w chitin

nanowhiskers 2.79 ± 0.08 176 ± 8.65

Maize starch/1% w/w chitin nanowhiskers 3.69 ± 0.07 179 ± 7.07

Maize starch/5% w/w chitin nanowhiskers 2.37 ± 0.04 111 ± 4.24



Polymers 2022, 14, 3989 18 of 28

5.2. Medical/Biomaterials

Chitin and chitosan are non-toxic and biodegradable, making them attractive for
use in medicine as biomaterials. Both have been extensively researched and continue
to be researched for their use in applications such as tissue engineering, drug delivery,
and hemostatic dressings [3,16,17,101,102]. The interest shown in chitin and chitosan has
carried over, to nanostructures; nanowhiskers, nanofibers, and nanoparticles continue to be
investigated for biomedical applications, the latter of which drawing focus particularly for
use in drug delivery [14,17,18]. Part of this interest is due to the antimicrobial properties of
chitin and its derivatives; chitosan in particular is noted to effectively inhibit the growth of
both gram-positive and gram-negative bacteria, a trait attributed to disruptions to bacterial
membranes by the amine group present on the molecule [103]. Chitin demonstrates an
inhibitory effect against gram-positive bacteria but may promote the growth of gram-
negative bacteria [103]. The broader antimicrobial properties of chitosan and insolubility of
chitin have led to broader use of chitosan in biomaterials [3,17,101].

Chitin and chitosan act as hemostats and have drawn interest in wound-healing
applications; chitosan gauze is commercially available for this application. New research
in this area seeks to devise composite materials to improve the hemostatic properties
or exploit said properties to hasten regeneration in damaged tissue [101]. For example,
He et al. prepared composite gauzes composed of chitosan and alginate and similar gauzes
surface-modified with a catechol [104]. The former failed to match pristine chitosan gauze
as a hemostat [104]. The gauze containing catechol, by comparison, reduced blood loss to
17% that of the pristine chitosan when compared in femoral artery and liver wounds in a
rat model [104]. This composite dressing also reduced the secondary bleeding induced by
removal of the dressing [104]. Pang et al. exploited the hemostatic and antimicrobial effects
of chitin and chitosan through the synthesis of chitosan/dextran hydrogels reinforced with
chitin nanowhiskers for use as a tissue adhesive [105]. The hydrogels displayed comparable
mechanical properties to a commercially-available tissue adhesive while facilitating healing
and staving off infection in a rat model [105].

Chitin and chitosan, both on the nanoscale and otherwise, have been incorporated
into scaffolds for tissue engineering [3,19,72]. For the sake of brevity, this review will
focus on bone engineering as an example in this field. There have been indications that
hydroxyapatite-coated chitosan scaffolds mimic the extracellular matrix of bone [19,106].
Nanosilica, when added to a chitin scaffold, promoted the formation of hydroxyapatite
in vitro, circumventing requirements to coat the chitin before use [107]. This concept
was later extended by Christy et al. in their chitosan/poly(vinyl alcohol) scaffolds re-
inforced with zinc oxide and nano bioactive glass (nanosilica) [108]. The addition of
zinc oxide was to delay biodegradation of the scaffold and improve antimicrobial activ-
ity without increasing the toxicity [109]. It was also noted that higher nano bioactive
glass contents correlated to increased deposition of hydroxyapatite on the surface of the
scaffold [108]. Karimipour-Fard et al. incorporated hydroxyapatite directly into the scaf-
fold [109]. In their investigation of the benefits of incorporating chitin nanowhiskers into
polycaprolactone/nano-hydroxyapatite scaffolds, it was noted that the addition of chitin
nanowhiskers improved the scaffolds’ ability to attach to cells and the ability of osteoblasts
to proliferate across the scaffold in vitro [108]. Chitin nanowhiskers also increased the rate
of biodegradation without altering the pH of the experimental medium, further indicat-
ing use as a potential tissue engineering scaffold [109]. These scaffolds were produced
through an additive deposition method; Chang et al. developed a bioink from water-soluble
methacrylated glycol chitosan that could be loaded with osteoblasts in suspension for more
traditional 3D printing methods [109,110]. The 3D printed scaffolds could be cured with
visible light before use [110].

Many of the same properties that make chitin and derivatives attractive for tissue engi-
neering lend themselves to drug delivery applications. Developments in ionic liquids and
deep eutectic solvents have made chitin more accessible for use in drug delivery, particu-
larly in the form of hydrogels [111]. As above, chitosan is broadly more attractive due to its
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solubility and more general anti-microbial effect [3,17]. Chitosan-based drug carriers have
been developed for a wide range of delivery methods, including oral, nasal, intravenous,
and transdermal pathways, among others [17]. Part of this flexibility is afforded by wide
range of morphologies available to chitosan and the stability of chitosan conjugated to other
common components to drug carriers (e.g., alginate) [18]. This conjugation capability makes
chitosan attractive for drug delivery, as it can be functionalized to improve the targeted
release of drugs [17,18]. Current research in drug delivery revolves around constructing
non-toxic biodegradable carriers that release the encapsulated drugs at a specific location
to limit toxicity to other regions of the body. An example of this philosophy is in the chi-
tosan/alginate hydrogels prepared by Hoang et al. [112]. These hydrogels were prepared
using a norbornene-tetrazine chemical cross-linker and designed for oral administration;
despite the hydrophilic nature of the hydrogels, they were successfully loaded up to 44%
(w/w) with hydrophobic ketoprofen [112]. The gels retained more than 90% of the loaded
ketoprofen drug when immersed in simulated gastric acid (pH 2.2, 37 ◦C) and released
over 80% in simulated intestinal fluid (pH 7.4, 37 ◦C) [112]. The hydrogels were observed
to be non-toxic in vitro and completed biodegradation in four days [112]. Drug targeting
isn’t limited to specific organs; drug carriers can be constructed to release their contents
in response to specific conditions, such as the thiol-hyaluronic acid/chitosan nanocarriers
developed by Xia et al. [113]. These carriers were stable under simulated physiological
conditions in vitro and released the carried drug under the acidic and reduced environment
surrounding SKBR3 breast cancer-derived cell line, with peak release at pH 4.5 and in the
presence of 10 mM glutathione [113]. An additional benefit of these over prior research was
the tunable charge on the nanocarriers, allowing for adjustment to better bind to a loaded
drug; nanoparticles with higher thiol-hyaluronic acid to chitosan ratios bore a negative
charge, whereas those with a higher chitosan content possessed a positive charge [113].

5.3. Adsorbents

Due to the presence of hydroxyl and nitrogenous groups, chitin and its derivatives
can be used to adsorb metal ions in solution; the amine of chitosan, along with its solubility,
makes it preferred over chitin for this application [3,16,72,114]. The adsorption of metal ions
onto chitin or chitosan is a spontaneous process, leading to the development of chitin-based
adsorbents for removal of heavy metals from water [114,115]. This process is generally most
effective under mild acidic conditions; under alkaline conditions, adsorption is inhibited
by metals forming metal oxides, and at low pH it is inhibited through competition between
metal ions and protons in solution [114,115]. Developments in this field prioritize the
creation of biodegradable adsorbents that can be easily separated from water following
metal complexation. These adsorbents can be as simple as chitin nanofibers or chitosan
nanoparticles; Siahkamari et al. compared chitin nanofibers and chitosan nanoparticles
for their ability to complex Pb(II) ions in solution [116]. Their chitosan nanoparticles
outperformed their chitin nanofibers, adsorbing lead ions at a rate of over 94 mg per gram
of nanoparticles compared to over 60 mg per gram of nanofibers [116]. This was attributed
to stronger interactions between Pb(II) and the chitosan amine compared to Pb(II) and the
N-acetyl group found in the chitin nanofibers [116] Since both chitosan and nanochitin
adsorb metal ions, Wu et al. experimented with chitosan/polyvinyl alcohol hydrogels
containing ferromagnetic iron nanoparticles and nanochitin of undescribed morphology
to form beads to adsorb Cu(II) ions [117]. The addition of magnetic nanoparticles and
nanochitin improved the maximum Cu(II) adsorption capacity by approximately 50% and
allowed for removal of the particles from the water via magnetic separation [117].

Metals are not the only pollutants chitin can separate from water. Yan et al. constructed
superoleophobic membranes from chitin nanofibers to separate oil/water emulsions with
>95% efficiency [118]. The membranes were reusable when cleaned with deionized water,
showed no reduction in filtration after 30 cycles, and were stable under a wide range
of temperatures and pH values [118]. Metal ions were also adsorbed by the membrane
during emulsion separation, indicating practical application in treatment of contaminated
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waters [118]. Zhang et al. developed hydrogels from a combination of nanocellulose
and partially-deacetylated nanochitin for the adsorption of arsenic and methylene blue
dye [119]. The adsorbents showed no decrease in adsorption capacity following 5 reuse
cycles and achieved adsorption capacities of 217 mg of arsenic per gram of adsorbent and
505 mg methylene blue per gram of adsorbent [119]. Congo Red and Red No.7 dyes have
also been indicated to adsorb onto chitin, furthering the application of chitin in cleaning
industrial waste streams [120].

While not directly related to industrial waste streams, methane gas can dissolve in
bodies of water and be released into the atmosphere, where it contributes to the greenhouse
effect. The hydrophilic nature of chitin normally renders it unable to adsorb methane;
Xu et al. changed this by decorating nanochitin aerogels with silica, rendering them
superhydrophobic and able to adsorb methane [121]. Adsorbed methane gas was also
extracted from the aerogels, both after removal from the water and during adsorption [121].

5.4. Paper

Chitin and its derivatives have applications in the papermaking industry [3,16,122].
Chitin or chitosan added to pulp mixes improves the mechanical strength of the resultant
paper; derivatives of chitin, such as phosphorylated chitin nanofibers, yield the same re-
sult [3,122,123]. Phosphorylated nanofibers also increased the paper’s resistance to heat and
added self-extinguishing properties, permitting the use of paper under conditions where
it would normally combust [123]. Chitin can also increase the mechanical strength when
incorporated as a surface coating [16,122]. Coating paper with chitin or chitosan improves
the printability of paper, introduces water vapour barrier properties, and introduce and
antimicrobial effect; as with other applications, chitosan has the benefit of solubility and
greater antimicrobial effects [122].

Traditional paper is made from cellulose. Paper can be made from chitin nanofibers;
Kadokawa et al. dissolved chitin in a deep eutectic solvent, then regenerated the chitin
through antisolvation with methanol, yielding a network of interwoven self-assembled
chitin nanofibers reminiscent of paper [124]. Paper produced through this method was
brittle; addition of benzylamine during regeneration inhibited the formation of crystalline
structures in the paper and produced mechanical properties comparable to cellulose filter
paper [124]. Chitin nanofiber papers can also be functionalized to modify their proper-
ties. For example, Naghdi et al. functionalized chitin nanofiber paper with nanoparticles
for sensory applications [125]. Papers containing plasmonic gold or silver nanoparticles
changed colour in the presence of Hg2+; papers containing dithizone or curcumin changed
colour in contact with a range of heavy metal ions; carbon dots, quantum dots, or upcon-
verting nanoparticles emitted light in the presence of S2- or quercetin ions [125]. These
nanoparticle-functionalized chitin nanofiber papers were developed to act as biosensors
for use in paper-based blood assays [125].

5.5. Cosmetics

Chitin and chitosan act as antioxidants, protecting skin from oxidative damage when
incorporated into cosmetics [126]. Due to the positive charge on chitosan, it can act as a
humectant to maintain skin moisture or strengthen hair and act as a conditioner through
interactions with hair keratin [126]. Suspensions of chitosan nanoparticles in guar gum have
been indicated to reduce skin sebum levels in seborrhea patients [127]. Azimi et al. found
that chitin nanofibrils electrosprayed onto cellulose films improved compatibility with
skin cells and downregulated inflammatory cytokines, indicating potential applications for
nanochitin in cosmetics [128].

5.6. Energetic/Electrical Conductivity

The use of chitin, chitosan, and nanochitin in energetic and electronic conductivity
applications is part of a broader movement to produce electronic devices that are both
sustainably-sourced and biodegradable; extensive research has been devoted to the role of
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chitin and derivatives in this field [72,129]. Chitin and chitosan have been investigated as
components in graphene nanocomposites, demonstrating a wide range of energy-related
applications including as parts of batteries, solar cells, and fuel cells [21]. Further work has
included composites containing graphene oxide its conducting form, reduced graphene
oxide; Dong et al. loaded demineralized shrimp cuticles with graphene oxide and heated
the cuticles to both reduce the graphene oxide and carbonize the cuticles [130]. The result
was a carbonized chitin nanofiber/reduced graphene oxide nanocomposite exhibiting
electrical conductivity values in excess of 30 S/cm, indicating potential use as superca-
pacitors [130]. Aerogels composed of carbonized chitin nanofibrils loaded with cuprous
oxide have also been indicated to act as supercapacitors, though they are held back by poor
electrical conductivity and deformation with repeated charge/discharge cycles [131].

Conductivity has been observed in more than just graphene-containing nanocom-
posites; Wang et al. noted that chitosan and chitosan-NaCl films both transformed into a
conductive state when temperatures exceeded 50 ◦C [132]. This did not damage the films;
it was suggested that these films could be used in reusable early fire warning systems [132].
When the same research group went on to investigate graphene oxide-chitosan nanocom-
posites, they found that nanocoating thermal insulation improved the insulation’s thermal
stability and inhibited mass transfers, rendering it safer in the event of a fire [133]. Exposure
to an alcohol flame reduced the graphene oxide to the conducting form; carbonized chitosan
protected the reduced graphene oxide, preventing thermal degradation and allowing for
continued current to pass through the material, which in turn allowed for a continued
alarm signal when connected to a fire alarm circuit [133].

5.7. Agriculture

Chitin, incorporated into fertilizers, acts as a source of nitrogen for plants [134]. Chitin
can also be used as a seed coating to protect against fungi and bacteria [134]. The presence
of chitin inhibits fungal growth and promotes plant immune response to fungal infection;
chitin solvents are generally harsh to plants, and so chitosan or dispersions of nanochitin
are more commonly used for this purpose [134–137]. Similar application of nanochitin to
soil has been indicated to improve the yield and protein content of wheat [138,139]. In
tobacco, chitin nanowhiskers shortened germination times and resulted in taller stems and
larger leaves [134].

Chitin nanowhiskers conjugated to biopesticides have been demonstrated to im-
prove the effectiveness of the pesticides versus insects with sucking mouthparts, such as
aphids [140,141]. Isolated nanowhiskers displayed low dermal and oral toxicity in a rat
model, though no comparison was made to those conjugated to pesticides [140].

5.8. Food

Chitin nanocrystals stabilized oil-in-water emulsions for up to one month [142]. Combi-
nation cellulose nanofibril/chitin nanocrystal-stabilized emulsions endured longer, lasting
through six months of storage [143]. The nanomaterials acted as a coating to protect and
isolate the oil droplets, preventing coalescence of the droplets and the production of a
separate phase, thus stabilizing the emulsions [142,143]. The long-term stability offered by
nanocellulose/nanochitin emulsifiers have rendered them valuable as sustainably sourced
stabilizers for food-grade emulsions such as sauces, dressings, and dips [144].

Phlorotannins, a type of seaweed-based polyphenol, acted as a biopreservative when
adsorbed onto the surface of chitin nanocrystals to form a phlorotannin-nanochitin com-
plex [145]. When applied to sea bass fillets, they inhibited bacterial growth and prevented
changes in biochemistry to extend the shelf-life for up to 3 days [145]. The complexes
outperformed isolated phlorotannins and nanocrystals in terms of changes to fillet pH,
secondary metabolite production, and microbial growth across the study [145]. Dragon
fruit coated with chitosan ionically bonded to κ-carrageenan showed reduced post-harvest
weight loss over thirty days compared to an uncoated control [92]. Chitosan films also
increased the shelf-life of meats, in part due to their antimicrobial properties [93,94].
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5.9. Other

Research into applications of chitin is an ongoing endeavour. Nanochitin in partic-
ular is a relatively new field for exploration, leading to a variety of applications that are
difficult to fit under the prior topics. This section of the review takes note of some such
nanochitin applications.

Kishimoto et al. coloured chitin nanofibers with reactive dyes without altering the
morphology of the nanofibers [146]. The red, yellow, and blue fibers were mixed in suspen-
sion to yield secondary colours and added colour to chitin nanofiber/acrylic resins while
maintaining transparency in the resins [146]. These coloured nanofibers were suggested for
adding colour to materials that are difficult to dye [146].

In crustacean shells, chitin nanofibrils form hierarchical structures known as Bouli-
gand spirals [1] (pp. 305–312). Chitin nanowhiskers are on a similar scale to the chitin
nanofibers at the fundamental level of crustacean shells; as such, research has been devoted
to developing biomimetic materials that emulate properties found in nature, including
iridescence seen in the shells of beetles and mantis shrimps [147]. Partially-deacetylated
chitin nanofiber hydrogels with integrated hydroxyapatite were hot-pressed to produce ma-
terials with a similar appearance, mechanical properties, and layered structure to nacre, the
extremely hard material that composes pearls and the interior of some mollusc shells [148].

6. Prospective and Outlook

The vast quantities of crustacean shell waste produced by shellfish fisheries can act as
a sustainable source of chitin. Chitin extraction methods used at scale either suffer from
high cost, long reaction times, or production of toxic waste products. Improvement of the
described methods vary by the method: Chemical methods should seek to reduce the toxic
waste products, either through changes to less toxic reagents or through optimization of the
concentration and volume to limit the risk of release; biological methods must improve the
removal of residual mineral and protein content to justify higher costs and longer reaction
times; ionic liquids must overcome the high cost and improve recycling to minimize waste;
deep eutectic solvents share the struggles of ionic liquids, though at a lower cost. Deep
eutectic solvents must instead contend with high viscosity acting as a barrier to large-scale
chitin extraction.

Chitin deacetylation contends with many of the same issues as deproteination in an
exaggerated form, as higher alkali concentrations, enzymes with low activity, or costly ionic
liquids are used in reactions with higher temperatures or longer reaction times. This leads
to higher energetic and reagent costs the must be decreased to lower the environmental
impact and improve the economic opportunities of chitosan production. Similarly, the
prevalence of acid hydrolysis in nanochitin synthesis creates a reflection of the issues of
demineralization, again exacerbated by the higher concentrations of mineral acid that pro-
hibit the replacement with organic acids. The production of nanocrystals needs particularly
intense conditions to remove amorphous regions of chitin; replacing mineral acids with
deep eutectic solvents, lowering energetic costs with microwave radiation, or substituting
acid hydrolysis with methods such as TEMPO oxidation all lead to lower environmental
impact, though each of these require more costly reagents or specific reactors. Decreas-
ing the costs associated with these greener methods would aid in the sustainability of
nanochitin production.

Chitin and its derivatives have a wide range of applications, including as biodegrad-
able plastics, biomedical materials, and many others. Research continues to expand on
and discover new uses for chitin and chitin derivatives. More specifically, steps are being
taken to incorporate the desirable traits of chitin into materials while working around
shortcomings such as insolubility and brittleness of chitin. Further work will develop
materials containing chitin and other renewable materials with properties to meet everyday
needs, allowing for the replacement of less sustainable materials.
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