
This journal is © The Royal Society of Chemistry 2021 Nanoscale Horiz., 2021, 6, 505–542 |  505

Cite this: Nanoscale Horiz., 2021,

6, 505

Chitin and chitosan on the nanoscale

Tony Jin, a Tracy Liu,a Edmond Lam *b and Audrey Moores *ac

In a matter of decades, nanomaterials from biomass, exemplified by nanocellulose, have rapidly

transitioned from once being a subject of curiosity to an area of fervent research and development, now

reaching the stages of commercialization and industrial relevance. Nanoscale chitin and chitosan, on the

other hand, have only recently begun to raise interest. Attractive features such as excellent

biocompatibility, antibacterial activity, immunogenicity, as well as the tuneable handles of their

acetylamide (chitin) or primary amino (chitosan) functionalities indeed display promise in areas such as

biomedical devices, catalysis, therapeutics, and more. Herein, we review recent progress in the

fabrication and development of these bio-nanomaterials, describe in detail their properties, and discuss

the initial successes in their applications. Comparisons are made to the dominant nanocelluose to

highlight some of the inherent advantages that nanochitin and nanochitosan may possess in similar

application.

1. Introduction

Biomass-based nanomaterials have become a vast area of
research globally. Owing to their unique abilities to combine
intricate nanostructure design with biocompatibility and sus-
tainable resourcing, important work has been done to investi-
gate and derive value from these nanomaterials. Within the
domain of biomass-based nanomaterials, cellulose nanocrystals
(CNCs) have dominated the field thus far, both in terms of the
quantity of publications and the numerous applications that have
been researched and commercialized.1–3 More recently, interest
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has expended towards other sources of biomass resources that can
create similar nanostructures as cellulose. Chitin, the second most
abundant biopolymer in the world behind cellulose, is a natural
alternative to study. Chemically, it is a linear polysaccharide with
repeat units of b-(1 - 4)-2-acetamido-2-deoxy-b-D-glucose, with the
characteristic acetamide group on the C2 position (Scheme 1).4

It is a common polymer found in the shells of crustaceans, insects,
and certain fungi, and has an annual global availability that is in
the order of billions of tonnes.5 Indeed, marine biowaste is an
incredibly important waste stream that is in need of valorisation,
with remarkable growth in comparison to other sources.6 More-
over, the concept of a shell biorefinery that can extract value-added
resources, including chitin, has gained increasing interest, with
potential for implementation within the coming years.7 Yet, the
implementation of this biorefinery is still in need of value-adding
technologies from materials such as chitin that are capable of
commercialization.8 While there are possibilities in using raw
chitin as a feedstock for fertilizer in the agricultural industry,
research involving the upgrading of chitin is still needed to
meet the supply demands necessary for the shell biorefinery
sector to thrive.9 The creation of value-added chemicals such as
N-containing furans,10 and chitin-based oligosaccharides,11

among others has all helped in realizing the potential for
biorefinery commercialization.12

As opposed to the acetamide group found in chitin, chitosan, a
derivative of chitin, contains repeat units of b-(1 - 4)-2-amino-2-
deoxy-b-D-glucose and features a primary amine functionality
(Scheme 1). This functionality is typically afforded through

deacetylation of chitin in basic media, resulting in hydrolysis
of the acetamide group to form chitosan and acetic acid.
A known unit of measurement to quantify this procedure is
the degree of deacetylation (DDA), where pure chitin has a DDA
of 0–15%, primarily containing acetamide groups at the C2
position, while chitosan has a DDA of 75–80%, with mostly
amine functionalities on the C2 position.13 For the purpose of
this review, anything referred to as ‘‘partially deacetylated
chitin’’ will not be viewed as chitosan, as long as the DDA is
below 30%. Due to this chemical modification via deacetyla-
tion, chitosan has a noted advantage in solubility in acidic,
aqueous media compared to chitin, making chitosan highly
applicable to current challenges.14 For example, chitosan is
known to possess beneficial antimicrobial15 and antioxidant16

properties, while also displaying characteristics that are attrac-
tive for applications involving hydrogel formation for drug
delivery,17 water purification,18 and metal ion scavenging,19

among others.
Both chitin and chitosan have been explored extensively as

bulk systems. More recently, the idea to explore their properties
at the nanoscale has emerged. Similar to envisaging the conver-
sion of biowaste materials to value-added chemicals, the crea-
tion of functional nanomaterials is another major avenue in the
pursuit to create a shell biorefinery. The forestry biorefinery
serves as a model here, as it was discovered that treating
cellulose pulp with various strong acids enabled the hydrolysis
of the amorphous regions of the material and allowed for the
release of well-defined nanocrystalline particles with high aspect
ratios (on average 5 � 150 nm).20 These materials feature
remarkable capabilities, such as mechanical strength greater
than Kevlar,21 adhesive capabilities,22 and long-range nematic
ordering behaviour23 among many others.24 Based on this
initial framework, CNCs are now commercially produced world-
wide by companies such as Celluforce (Canada), American
Process (USA), and Melodea (Israel), with more applications
and strengths being discovered.24,25 Applications for CNCs

Scheme 1 Chemical structures of chitin and chitosan via deacetylation.
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have been researched extensively26 in a number of domains,
including agriculture,27 biomedicine,28 adhesives,22 and food
packaging.29 Within this mind-set, exploration of both chitin
and chitosan on the nanoscale is imperative to develop and
even enhance current bio nanomaterial technology based on
CNCs as a pathway to addressing similar challenges towards
shell biorefinery.30

While terminologies vary in the literature, for the sake of
this review, we will consider three main types of chitin and
chitosan-based nanomaterials: nanocrystals, nanoparticles,
and nanofibers. Nanocrystals are defined as nanorod-shaped
biopolymers that are crystalline, spanning between 5–20 nm in
width and hundreds of nm in length, depending on the source
and treatment. Nanoparticles are nano-scaled materials, yet
they do not feature the high aspect ratio and crystallinity typical
of nanocrystals. While maintaining one of their dimensions in
the nanoscale, nanofibers reach much larger dimensions in
length, typically to micron sizes. For both chitin and chitosan,
all three types of nanomaterials have been developed. Yet,
chitosan in the nanoscale has seen fewer developments. Since
the deacetylation treatment of chitin into chitosan typically
comes with major structural and morphological changes in the
bulk material, relying on naturally occurring order to develop
these nano-scaled materials is more challenging. Recent devel-
opments are showcasing exciting avenues to achieve this
goal.31,32

In Section 2, various fabrication procedures will be outlined
for nanochitin such as chitin nanofibers (ChNFs), chitin nano-
crystals (ChNCs), and chitin nanoparticles (ChNPs), as well as
nanochitosan in the form of chitosan nanofibers (ChsNFs),
chitosan nanocrystals (ChsNCs), and chitosan nanoparticles
(ChsNPs). From this, Section 3 will address specific properties
of these nanomaterials such as liquid crystalline behaviour,
antibacterial properties, and also thermal and mechanical
stability. Section 4 will highlight applications in which these
nanostructures can be used, including tissue engineering,
wound dressing, drug delivery, and catalysis. Finally, a future
outlook in Section 5 will be provided on addressing future
challenges and directions. Throughout the text, we have high-
lighted communalities and differences between chitin and
chitosan versus cellulose to draw comparisons with the well-
established field of nanocellulose.

2. Synthesis of nanoscale chitin and
chitosan

While a number of chitin- and chitosan-based nanomaterials
syntheses are described in the literature (Scheme 2), they
proceed via similar general methods, as outlined below. There-
fore, the approaches and mechanisms of fabrication will be
discussed succinctly for the fabrication of the three main
nanomaterial forms of chitin and chitosan. Where relevant,
the reader will be pointed to existing reviews on specific
synthetic methods. This section will not cover how chitin is
extracted from the raw resource itself, such as crustaceans,

insects, or fungi. For this, the reader is directed to numerous
reviews and research articles that define how the deproteiniza-
tion and demineralization process occurs.4,33–35 Fabrication
procedures outlined below all start from ‘‘purified’’ chitin
which is deproteinized and demineralized, unless noted in
the text.

Two main types of approaches are used for nanochitin/
chitosan formation. The first type is called ‘‘top-down’’
approaches and consist of extracting the nanomaterial by
deconstruction of the bulk phase (Scheme 2), taking advantage
of the inherent crystalline structure of the starting material as
detailed in Section 2.1. For reasons explained below, this
strategy is only accessible for chitin. The second type of
approaches, referred to as ‘‘bottom-up’’ approaches, involve a
dissolution step, followed by some form of ‘‘nanoshaping,’’
using crosslinking of electrospinning or ionotropic gelation
(Scheme 2). Finally, deacetylation may be used as a means to
convert chitin to chitosan in the nanoscale and is the method
of choice of ChsNC fabrication.

2.1. Nanochitin preparation

Chitin is a crystalline material with long-range order in the
form of the three polymorphs of chitin, namely a-, b-, and
g-chitin.42–44 The origin of these polymorphs stems from the
chitin source itself. a-Chitin is the most abundant form found
in crustaceans such as crab.45 b-Chitin comes from squid pen
and cuttlefish,46 while g-chitin is present in cocoon fibers in
Ptinus beetles.44 Accordingly, a general rule follows that a-chitin
is found in hard structures, while b-, and g-chitin are found in
soft structures.43 The structure of these polymorphs involves
H-bonding arrangements of the chitin polymer chains through
the amide functionality, with the key difference being how
these chains stack with respect to one another. For example,
a-chitin has the chitin polymer chains stacked in an anti-
parallel fashion, while b-chitin has polymer chains stacked
parallel to one another, as seen in Scheme 3.47 In contrast,
g-chitin has both anti-parallel and parallel polymer chain
arrangements.

2.1.1. Chitin nanofibers (ChNFs). The nanofibril arrange-
ments of chitin are naturally occurring architectures. For
example, the exoskeleton of crustaceans such as crab contain
a hierarchical organization of chitin nanofibrils surrounded
by sheets of proteins. These chitin–protein bundles exist as
an interwoven network embedded within a matrix of calcium
carbonate. The components of this network can then be
separated into layers, forming a ‘‘twisted plywood structure,’’
as seen in Fig. 1. The main methods for harnessing ChNFs are
‘‘top-down’’ and thus rely on taking advantage of this naturally
occurring order. Specifically, ChNFs extraction takes place from
the treatment of bulk chitin mechanically and/or chemically.
Alternatively, ‘‘bottom-up’’ approaches involve electrospinning
a highly solubilized chitin solution to yield ChNFs.48

Extracting chitin nanofibers from bulk chitin through
mechanical force is a common procedure and draws common
features found in the production of cellulose nanofibers.50

In 2008, Isogai and coworkers prepared ChNFs from b-chitin
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extracted from squid pens through mechanical disintegration
via ultrasonication.46 By testing conditions at various pH and
concentration, ChNFs were produced at a pH of 3–4 and at a
relatively low concentration of chitin at 0.1–0.3 wt % in aqueous
conditions. They reported a width of the ChNFs at 3–4 nm, with
an aspect ratio greater than 500.

Furthermore, Ifuku et al. have also reported a simple grinding
technique to cause fibrillation to yield ChNFs with 10–20 nm
widths.51 The authors indicated that an acidic condition is key to
fabricating ChNFs, as a very small number of amino groups on
the ChNFs can be charged, promoting electrostatic repulsion
and subsequently fibrillation of the bulk fibrillar matrix.

The use of a purely chemical methodology can also be used
to make ChNFs. For instance, Isogai and coworkers used
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) as an oxidant
to fabricate ChNFs from b-chitin extracted from tubeworms.37

b-Chitin found in tubeworms contains higher crystallinity than
those found in squid pens, which explains the retention of its struc-
ture to form ChNFs after TEMPO oxidation, instead of depolymer-
izing further into nanocrystallites and subsequent formation of
ChNCs. Fig. 2 shows the transmission electron microscopy (TEM)
of the as-synthesized ChNFs, along with electron diffraction.

For ‘‘bottom-up’’ approaches, the most crucial aspect lies
in the ability to obtain highly solubilized chitin, essential for

Scheme 2 Depiction of the various subsections in this review and the pathways from the raw resources to the nanomaterial. In this review, the term
‘‘top-down’’ is used for methods whereby bulk materials are deconstructed down to the nanoscale, while ‘‘bottom-up’’ is used for methods where the
material is dissolved before reshaping, for instance by crosslinking or electrospinning. Electron microscopy images are reprinted with permission from
ref. 36–41.
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effective electrospinning.52 For example, Min et al. used g-radia-
tion to depolymerize bulk chitin to a tenth of its original
molecular weight (B900 kDa to 91 kDa) such that it can be
soluble in aqueous media.53 Other works, such as Barber et al.
involve the use of ionic liquids to dissolve higher molecular
weight chitin, such as 1-ethyl-3-methylimidazolium acetate.48

2.1.2. Chitin nanocrystals (ChNCs). In contrast to the
synthesis of ChNFs, where a ‘‘bottom-up’’ approach can be
utilized, ChNCs can only be accessed through a ‘‘top-down’’
approach. In brief, native polysaccharides such as cellulose and
chitin feature high crystallinity. Upon either acid hydrolysis or
oxidation pathways, cleavage of the glycosidic oxygen units in

Fig. 1 Representation of the exoskeleton structure of crab. Adapted and formatted from ref. 49.

Scheme 3 Schematic outlining the differences in the three polymorphs of chitin. The upper portion depicts how the chains are stacked via
hydrogen-bonding interactions, while the lower portion illustrates how the direction of the chains changes as they are stacked.
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the polymeric backbone can depolymerize amorphous sections
of the biopolymeric chain while also releasing fragments
of the nanocrystalline domains, effectively freeing ChNCs
(Table 1).54,55

Marchessault and co-workers first prepared ChNCs using
3 M hydrochloric acid as the acidic medium, while also
evidencing the liquid crystalline behaviour of these ChNCs.38

Based on this methodology of acid hydrolysis, numerous papers
have described the preparation of ChNC.56 Chitin extracted from
various sources such as squid pen,57 riftia tubes,58 crab
shells,59–63 and shrimp shells,64–70 were then treated with HCl

solutions at concentrations of 2.5 to 3 M to produce ChNC of
lengths varying from 50 to 600 nm, and widths between 8 and
50 nm. Variability in this context originates from the chitin
source.71 Since 2011, numerous modifications to this extraction
procedure have been conducted to include exchanging the
mineral acid used for hydrolysis. Sulfuric acid was first used
instead of hydrochloric acid for the synthesis of ChNCs by
Qin et al., with a broad distribution of ChNCs extracted, from
100 to 400 nm in length and 10–50 nm in width.72 This
technique has gained traction as other groups have adapted this
method for ChNC synthesis using chitin from crab shells.73,74

Similar to what has been reported for cellulose-based nano-
crystals, these methods have afforded sulphate half-ester func-
tionalities at the surface of the as-made ChNCs.75

However, the above-described mineral acid hydrolysis for
ChNCs synthesis is potentially detrimentally with respect to
sustainability due to the hazards associated with corrosive
solution handling and wasteful effluents. Other more sustain-
able, yet more expensive, synthetic methods include a method
by Isogai and coworkers to employ a radical oxidation pathway
via TEMPO to selectively oxidize amorphous regions of
chitin.76–78 In their study, TEMPO was added to NaClO as a
co-oxidant, which led to the cleavage of ether linkages within
the polysaccharide, and the oxidation of the C6 hydroxyl
group into the carboxyl moiety. Isogai and coworkers noticed
that increased NaClO concentration caused decreased ChNC
length through more intense depolymerization at the ends of
the ChNC.

Isogai and co-workers also demonstrated that a O2-laccase/
TEMPO system could yield carboxylated ChNCs.77 In the presence
of oxygen, laccase enzymes have been shown to catalyse
the oxidation of phenols, anilines, and aliphatic amines.79,80

However, macromolecules such as chitin cannot access the
laccase site due to their large size. Therefore, TEMPO is used
as a shuttle to mediate this one-electron reaction. With this
method, the fabrication of ChNCs with dimensions of 400 nm
and 24 nm in length and width, respectively, was made
possible.

Other methods for ChNC synthesis involve milder treatments,
with the goal of sustainability and minimizing environmental

Fig. 2 Bright-field TEM micrograph of ChNFs prepared by TEMPO-
oxidation of tubeworm chitin. (top) White arrows depict ‘‘twists’’ in the
ChNFs (top). (bottom) Bright-field TEM micrograph of ChNF, with electron
diffraction diagram shown in insert, with labelled Miller indices. Adapted
from ref. 37.

Table 1 Comparison between methods to fabricate ChNCs either through acid hydrolysis or oxidation

Product Method
Dimensions
(length/width) (nm) Advantages Ref.

ChNCs Chitin extraction followed by acid
hydrolysis with 2.5–3 M HCl

50–600/8–50 ‘‘Classic method’’ 38 and 56–70

Chitin extraction followed by acid
hydrolysis with H2SO4

100–400/10–50 Similar to HCl method 72–74

Using acidic deep eutectic solvents (DES)
to induce acid hydrolysis

206–1000/12–44 Avoid excess usage of mineral acid 82 and 83
Acidic medium becomes recyclable

Carboxylated
ChNCs

Radical oxidation pathway via TEMPO 480/24 More sustainable compared
to classic method

76–78

O2-laccase–TEMPO system 400/24 More sustainable compared
to classic method

77, 79 and 80

Oxidation through ammonium
persulfate (APS)

239 � 7/4.60 � 0.06 Milder, greener conditions,
Cheaper reagent

42
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waste. We demonstrated the use of ammonium persulfate (APS)
as a mild oxidant in the fabrication of ChNCs.42 Like TEMPO,
APS afforded fully carboxylated ChNCs, while relying on milder
conditions and the use of a more economical reagent. This
process was adapted from previous works that converted bulk
cellulose into CNCs, highlighting a typical example of how inspira-
tion from CNC research can be applied towards ChNCs.81

Recently, strategies using acidic deep eutectic solvents (DES)
have been developed to fabricate ChNCs.82,83 While this
method also induced acid hydrolysis to form ChNCs, it avoided
the use of stoichiometric amounts of mineral acid during
synthesis and made the acidic medium recyclable. For example,
Cao et al. prepared ChNC with p-toluenesulfonic acid/choline
chloride (pTA–ChCl) DES, yielding ChNCs with a width between
12–44 nm and length between 206–399 nm.82 Furthermore,
Mukesh et al. prepared ChNC using choline chloride/urea
DES.83 They demonstrated the recyclability of the DES by
preparing a subsequent batch of ChNCs with the same DES,
with the composition and morphology of the second batch of
ChNC being similar to the first batch.

2.1.3. Chitin nanoparticles (ChNPs). Aside from the slen-
der rod-like morphologies driving much of the nanochitin
literature, other types of architectures can be prepared, such
as spherical and amorphous ChNPs. These procedures are
inherently ‘‘bottom-up’’ in nature as they proceed via chitin
solubilisation before some crosslinking event.

In one approach, an ionic crosslinker such as tripolypho-
sphate (TPP) reacts with the few protonated amino groups on
chitin to form a nanosized particle. Critically, these methodo-
logies rely on the presence of amine groups within the chitin
polymer. Thus, they are restricted to chitins which have under-
gone sufficient deacetylation to possess enough of this func-
tional group, and which have been amorphized, so that that can
be solubilized and reacted with the crosslinker. For instance,
Jayakumar and coworkers reported the synthesis of amorphous
ChNPs using a 1 wt% TPP solution added dropwise to a
0.01 wt% solution of amorphous bulk chitin with a DDA of
40%.84 The as-synthesized ChNPs have a relative diameter of
120 � 50 nm. Later, Jayakumar and coworkers used a similar
procedure with 35% DDA–chitin starting material.85 The aver-
age size of the ChNPs produced were 324 � 17 nm, which is on
the boundary between nano and micro dimensions.

Other ChNP formation procedures include using chemically
modified chitin as the substrate. Jayakumar and coworkers
reported the fabrication of carboxymethyl (CM) ChNPs for use
in drug delivery via a cross-linking method that uses CaCl2 and
FeCl3.86 It can be noted that CM ChNPs are of particular
interest for biomedical applications due to their higher solubi-
lity for hydrogel fabrication. In the case of drug delivery,
crosslinking of the CM ChNPs can help decrease the rate of
CM ChNP degradation within the body, which directly affects
the rate of drug delivery within the body. Further, the nanoscale
range of the CM ChNPs is required for elective passive target-
ing, such as a diameter between 200–300 nm needed for passive
liver targeting. From their procedure, they succeed in produ-
cing CM ChNPs with a diameter between 200–250 nm.

2.2. Nanochitosan preparation

While there are numerous methods already in place for fabri-
cating chitin-based nanomaterials, development of chitosan
into the nanoscale offers less options. Effectively, two main
strategies are possible in making chitosan nanomaterials, as
shown in Scheme 2. The first strategy involves the deacetylation
of bulk chitin to afford chitosan, which is then converted into
nanochitosan via a ‘‘bottom-up’’ approach. Such chitosan
made from bulk chitin deacetylation can then be converted
into ChsNPs and ChsNFs. In contrast, the second strategy
involves using already fabricated nanochitin, before deacetyla-
tion is performed to make nanochitosan. Deacetylation at the
nanoscale has only recently been investigated as a pathway to
form ChsNCs, as it has been met with multiple challenges
including retention of crystallinity and structure.

2.2.1. Chitosan nanofibers (ChsNFs). Because chitin dea-
cetylation causes amorphization, there is no possibility to
attain ChsNFs by the ‘‘top-down’’ approaches used for ChNFs
preparation. Additionally, unlike both chitin and cellulose,
chitosan can readily dissolve in dilute acidic conditions. Thus,
only ‘‘bottom-up’’ approaches are able to afford ChsNFs. There
are many methods using electrospinning to produce ChsNFs
with a variety of acids and additives, which have been exten-
sively covered in previous reviews and articles.41,53,87–89 In this
process, a high voltage is used to create a stream of charged
polymer solution, which are subsequently dried to form nano-
fibers as a non-woven fabric.87 As this field has largely grown
in a separate direction from the other types of chitin- and
chitosan-based nanomaterials, this will not be covered in
this review, and the reader can be directed to the reviews
highlighted above.

2.2.2. Chitosan nanocrystals (ChsNCs). Initial attempts at
using the ‘‘classic’’ conditions of basic media deacetylation
(e.g., a concentrated aqueous solution of NaOH) for bulk chitin
was observed to destroy the nanorod morphology of the ChNCs.
Chirachanchai and coworkers first reported the synthesis of a
chitosan ‘‘nanoscaffold’’ by first fabricating ChNC via acid
hydrolysis, and subsequently subjecting ChNC to basic media
in the form of aqueous NaOH (40% w/v) at reflux for 3 days.32

While they achieved a high DDA value of 95%, drastic structural
changes took place during the procedure. For instance, from
the nanorod-shaped ChNCs (Fig. 3a), swelling and aggregation
occurred through the basic deacetylation process, creating an
interwoven network of nanochitosan (Fig. 3b). Secondly, X-ray
diffraction (XRD) spectra of both the ChNC and chitosan
nanoscaffold material (Fig. 3c) found that severe changes
in terms of packing and crystallinity took place during the
deacetylation process. For instance, the reflections found at 91
and 201 on ChNC (1 on Fig. 3c) had shifted to a higher 2y angle
for the chitosan nanoscaffold. While the authors did not
rationalize this shift, one may hypothesize that amorphization
of the ChNC shifted and broadened these reflections for the
chitosan nanoscaffold.

The same group further analysed synthesized ChNCs
through gel permeation chromatography (GPC) measurements
and observed that the obtained chitosan nanoscaffold featured
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increased molecular weight (137 kDa) compared to the original
ChNCs (63 kDa).69 This is in stark contrast to bulk chitin
reactivity, since concentrated NaOH solutions cause molecular
weight reduction in bulk chitin deacetylation.

In order to prevent destruction of the ChNC morphology,
careful tuning of parameters and much milder conditions are
needed. As such, Hsieh and co-workers studied ChNC deacety-
lation with much milder conditions to retain a rod-like shape.90

Instead of deacetylation at reflux temperatures approaching
120 1C, they used a mild temperature of 50 1C. DDA reached
40% after 6 h of reaction and plateaued thereafter, even beyond
24 h. Importantly, the rod-like morphology was retained after
this treatment at 6 h (Fig. 4a). The authors suggested that with
these milder conditions, only the surface of the ChNC was
deacetylated into chitosan, while the interior remained
as ChNC, thus creating a core–shell structure. The XRD of the

Fig. 3 Bright-field TEM micrographs of (a) ChNCs and (b) the as-prepared chitosan nanoscaffold. XRD patterns of (1) ChNCs, (2) chitosan nanoscaffold,
(3) lactose-conjugated chitosan nanoscaffold, and (4) maltose-conjugated chitosan nanoscaffold. Black arrows represent notable reflections of interest.
Adapted from ref. 32.

Fig. 4 (a) Bright-field TEM micrograph of chitin–chitosan core–shell nanocrystals. 2% uranyl acetate was used as a staining agent. (b) 2-D heteronuclear
single quantum coherence (HSQC) NMR experiment of chitin–chitosan core–shell nanocrystals. (c) Kinetic curves of DD (degree of deacetylation) at
different reaction temperature. (d) Curve-fitting results to deduce rate constants at different temperatures. Adapted from ref. 90–92.
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core–shell chitin–chitosan (Ch–Chs) nanocrystal also retained
the structure found for the a-chitin polymorph, additionally
implying the interior ChNC structure had not be altered by this
treatment.

A subsequent report from the Hsieh group used high
resolution liquid-state 1H NMR as a spectroscopic tool to
provide further evidence of the chitin–chitosan core–shell
configuration.91 To do so, they used 2-D heteronuclear single
quantum coherence (HSQC) since in a 1H–13C HSQC experiment,
mobile polymer strands are more susceptible to magnetization as
compared to H-bonded ones (Fig. 4b). Thus, they used this method
to specifically analyse mobile chains floating at the surface of
prepared Ch–Chs core–shell nanocrystals, while the ChNC core
remained silent. Thus, this method effectively deduced the differ-
ences between the outer chitosan shell of Ch–Chs core–shell
nanocrystals and the interior chitin core.

Further works on the study of chitin–chitosan core–shell
structures involved plotting kinetic curves towards the deace-
tylation procedure, where the rate of ChNC deacetylation could
be determined at various temperatures (Fig. 4c and d).92

In addition, Arrhenius plots were conducted to determine
the activation energy of deacetylation for ChNC, which was
28 kJ mol�1, a much lower number than the one for bulk chitin
at 92 kJ mol�1. This has been ascribed to the higher surface
area of ChNC, which made deacetylation more accessible to the
surface of the ChNC.

A challenge in all of these works has been the ability to reach
a DDA 475%, while also keeping the morphology of ChNCs
intact in order to truly obtain rod-like ChsNCs. To solve this,
our group used NaBH4 as an additive to combat nanorod
degradation39 and inhibit the ‘‘end-peeling’’ phenomenon
known for polysaccharides in a basic environment.93,94 This
phenomenon is based on the alkaline pulping process of cellulose,
which involves the elimination of the reducing end-groups via
b-alkoxy elimination to carboxylic acids, thus degrading the poly-
saccharides one monomeric unit at a time.93 Simply, the hydrides
from NaBH4 can reduce the alditol ends, thereby preventing
end-peeling from occurring.

This method allowed for the retention of the nanorod
morphology with DDA values well over 80% (Fig. 5a). Without
NaBH4, aggregated spheres of what is likely degraded chitin/
chitosan oligomers were imaged by TEM imaging (Fig. 5b).

Currently, this is the only known synthesis path towards the
formation of ChsNCs with both rod-like morphology and DDA
4 80%.

2.2.3. Chitosan nanoparticles (ChsNPs). A variety of meth-
ods have been explored in preparing ChsNPs, including ionic
cross-linking (similar to what was described for ChNP), as well
as emulsion droplet coalescence and precipitation.94 In 1989,
Bodmeier et al. first synthesized ChsNPs as a novel drug
delivery system.95 This was achieved upon adding a TPP
solution drop-wise into a positively charged chitosan in acetic
media, while stirring constantly. The intermolecular cross-
linking between the chitosan-free amino groups and TPP
anions afforded ionotropically gelled, spherical beads of TPP–
chitosan complex. The process was observed to progress from
solution, to aggregation, and finally an opalescent suspension,
implying that the fabrication process is complete.96 Adopting
this principle of ChsNP formation, Huang et al. explored the
effect of bulk chitosan molecular weight on the size and zeta
potential of the corresponding nanoparticles.94 Samples with
different molecular weights were first prepared by initial H2O2

treatments. The resulting ChsNPs were isolated by high-speed
centrifugation, washing and freeze-drying for analysis. The
authors concluded that a lower molecular weight chitosan
(LWCS) produced smaller nanoparticle sizes, and that the
optimal LWCS/TPP mass ratio for the cross-linking reaction
was 5 : 2. At that ratio, ChsNPs were obtained, and further
increasing the TPP content appeared to form a precipitate,
possibly from excess ChsNP coagulation. Yang et al. also
employed the same method to produce highly uniform ChsNPs
with a size of B50 nm.97 This ionic gelation approach appears
to be favourable due to its simple and mild procedure.97–100

The physical cross-linking based on electrostatic interaction
was also reversible, avoiding potential toxicity in reagents.98

Similarly, Moura and coworkers dissolved chitosan in
methacrylic acid (MAA) solution and used potassium persulfate
as the source of anions – a method that is also commonly used
for ChsNP synthesis.101–103

Alternatively, Tokumistu et al. used an emulsion-droplet
coalescence technique to prepare ChsNPs loaded with gado-
pentetic acid for gadolinium neutron-capture cancer therapy.104

This was achieved by first combining a chitosan solution with
an emulsifier agitated at high speed, followed by mixing the
emulsion with another NaOH emulsion. Upon stirring and
centrifugation, this emulsion-droplet coalescence method
afforded ChsNPs of 426 nm in size. A similar method using
an emulsifier was employed by Tang et al. where 1% chitosan
solution was poured into a medium of petroleum ether,
mineral oil, and an emulsifier.98 This dispersion medium
was then stirred for 10 min at 1000–2000 rpm before isolating
the desired ChsNPs. The group then compared this emulsion
polymerization method with the ionic cross-linking method
using TTP solution previously described. It was observed
that the emulsion method produced larger nanoparticles
(4200 nm), compared to the nanoparticles made in water
phase using TTP solution which were too small to be collected
by super-centrifugation.

Fig. 5 Bright-field TEM micrographs after deacetylation of ChNCs (a) with
NaBH4 and (b) without NaBH4. Adapted from ref. 42.
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While the diverse application of ChsNPs in various fields will
be discussed in the sections ahead, much less can be said of the
fundamental research on the mechanisms of the synthesis for
these nanomaterials. Similar to the best practices in reporting
inorganic colloidal nanomaterials, much more work must be done
in achieving a similar level of control and characterization on
these organic nanoparticles.105 For example, further studies that
implement control in creating monodisperse nanoparticles are
crucial in controlling directed delivery of pharmaceuticals via
nanoparticles. Details regarding the structural arrangements of
the ChsNP can be more thoroughly developed with tools such as
XRD and solid-state NMR, which can directly probe the crystal-
line and amorphous nature of these nanoscale objects.

2.3. Surface characteristics of nanochitin and nanochitosan

With the number of fabrication strategies for each type of
nanochitin and nanochitosan described in Sections 2.1 and
2.2, the structure and morphological characteristics of the
above-mentioned nanomaterials can be quite different from
each other. Table 2 outlines the general structure and morpho-
logical properties of each type of nanomaterial.

The average dimensions and length-scales for each type of
nanomaterial are generally consistent within the literature,
though there is a dependence on which raw biomass the initial
bulk chitin was extracted from (e.g., shrimp, crab, squid, fungi).
Table 1 goes into more detail on specific types of ChNCs in Section
2.1.2. Similar to nanocellulose, the aspect ratios for nanofibers and
nanocrystals vary significantly depending on chitin source.56

One unique property that differs between the chitin and
chitosan nanomaterials is the surface charge which is quanti-
fied by measuring the zeta-potential of a suspension of the
nanomaterials. In Table 2, there are distinct differences in zeta
potential between the nanomaterial types associated with the
variance in DDA between chitin and chitosan. There is a pH
dependency on the zeta potential of chitosan linked to the
presence of the amine functionality. The zeta potential of
chitosan-based nanomaterials reached values up to +60 mV in
acidic conditions, while values of �10 to �20 mV were found
for chitosan nanomaterials at pH 4 8. Most chitosan nanoma-
terials form very stable colloidal solutions in slightly acidic
aqueous conditions (pH E 5) due to the pKa of bulk chitosan
being B 6.2.106 Chitin nanomaterials do not show this dra-
matic increase in zeta potential at low pH due to the limited
number of amines that can be protonated.

The last parameter is the crystallinity of the material, which
can be quantified by calculating the crystallinity index (CrI)
based on the XRD diffractogram of the nanomaterial. In general,
it can be seen that for chitin nanomaterials, moderate to high
crystallinities are seen with respect to their chitosan-based
counterparts. In the macroscale, it is noted that bulk chitin
has relatively high crystallinity while chitosan is amorphous, due
to the fact that the fabrication of chitosan involves harsh
conditions of deacetylation from chitin, which disrupts the
inherent crystalline structure of chitin. Therefore, chitosan
nanomaterials made from bulk chitosan will always be amor-
phous. Other parameters include surface functionalization
groups, which depends on the process used to make the
nanomaterials, or if further surface functionalization has been
performed. For example, carboxylated ChNCs have been covered
in Section 2.1.2, while carboxylated ChNFs are also known and
reviewed in Section 2.1.1.

3. Properties of nanoscale chitin and
chitosan

Both bulk form chitin and chitosan display numerous biological
properties that have been analysed and utilized for a variety of
applications. At the nanoscale, these properties may be enhanced
with increased effective surface area, or even new characteristics
unique to these materials. In this section, key characteristics of
nanoscale chitin and chitosan materials will be discussed. Speci-
fically, liquid crystalline, antibacterial, antioxidant, thermal, and
mechanical properties will be discussed in the context of their
initial development. Macroscopic properties such as antibacterial,
thermal and mechanical properties are intrinsically difficult to
evaluate on nanomaterials directly, which is also seen for the CNC
literature, because of their nanoscale.2,107 Thus, much of these
studies involve the incorporation of nanochitin or nanochitosan
within a specific system (e.g. hydrogel, aerogel, coating, film)
rather than evaluating them independently. Comparisons with
similar systems without nanochitin/chitosan may be used to
extract the true role of such nanomaterials.

3.1. Liquid crystalline behaviour

Akin to the helicoidal arrangement of cellulose fibers inside
plant walls, the exoskeleton of many arthropods such as crab
and shellfish are made up of an assembly of one dimensional

Table 2 Shape, Morphology, surface, and structural characteristics of the various types of nanochitin and nanochitosan

Nanofibers Nanocrystals Nanoparticles

ChNFs ChsNFs ChNCs ChsNCs ChNPs ChsNPs

Shape Long fibers Short rods Spheres
Average
dimensions

3–20 nm in width,
50–100 mm in length

10–40 nm in width,
50–100 mm in length

8–44 nm in width,
50–1000 nm in length

5–20 nm in width,
150–250 nm in
length

100–300 nm
in diameter

50–200 nm
in diameter

Surface charge
(x-potential)
at neutral pH

�20 to �25 mV +10 to +20 mV 0 to �10 mV +15 to +20 mV +20 mV +50 mV

Crystallinity Moderate – low Low High Low Moderate Low
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chitin fibers embedded within a matrix of proteins and
cations.108–110 Both cellulose and chitin have a unique twisted
plywood structure (coined the Bouligand-type structure) that is
characteristic of chiral nematic ordering, a property that plays a
central role in the structure’s load-bearing properties. Ordering
at the nanoscale is interesting as it may result in the emergence
of structural colour as seen in the shell of some insects such as
the jewel beetle.111 The colour of the exoskeleton can change
with variation in the polarization of light, which is one of the
more profound characteristics in the self-assembly of chitin on
the nanoscale.

3.1.1. Nanochitin liquid crystal behaviour. The exploration
of the liquid crystalline properties of nanochitin-based systems
are still at its infancy, with different research groups dedicated
to this work. Importantly, much of the research involved in the
liquid crystalline properties of nanochitin derives mainly from
work done on CNCs, which is elegantly compared in a recent
review by MacLachlan and co-workers.112 In 1993, Revol and
Marchessault confirmed that ChNCs made through acid hydro-
lysis demonstrated liquid crystal-like behaviour through the
formation of a chiral nematic phase.38 Two phases – one
isotropic and one anisotropic – were made after letting a
5 wt% aqueous ChNC suspension sit at room temperature
overnight. The two-phase suspension was then vigorously sha-
ken, and TEM revealed droplets with a birefringence pattern
known as tactoids similar to cellulose crystallites. The chiral
nematic ordering can be seen when the suspension is left to
settle for one day, optically visualized through crossed polars
(Fig. 6). It can be seen that the spacings can be measured to
produce the length of half of the cholesteric pitch (p/2). The
authors suspected that the apparent chiral nematic ordering
originated from a helical twist located in the effective electric
envelope of the ChNC itself, since no inherent chirality or charge
distribution is found within the nanocrystals themselves.

Further work from the same group investigated the mecha-
nism of phase separation and self-assembly of ChNCs, as well

as the role that electrostatic repulsion plays in the ChNC
structure.113 Through phase diagrams, it was shown that vary-
ing the NaCl concentration (and thereby the ionic strength of
the medium) did not change the overall phase diagram for
concentrated samples of ChNCs, as the contribution of the
ChNCs themselves were large. They also reported zeta potential
measurements as well as interaction energy calculations that
were comparable to theoretical calculations made using Onsa-
ger theory.

Based on this framework, Belamie et al. further examined
the chirality of ChNC suspensions by quantifying nematic
properties such as the nematic order parameter and cholesteric
pitch.114 Measurements of the cholesteric pitch as a function of
HCl concentration were conducted (Fig. 7) by measuring optical
micrographs of the anisotropic phase. From these measurements,
it was observed that the liquid-like positional order is stronger at
lower ionic strengths, which is very common with electrostatically
stabilized colloids. Phase diagrams were also reported with a
ChNC concentration range between 1 to 7 wt% and ionic strength
ranging between 10�5 to 10�2 M, which further confirms the
experimental results of Marchessault and coworkers that the
system exhibits bulk phase separation with a large pH range,
but there is minimal contribution to ionic strength.113

Polarized optical microscopy (POM) is an extensively-used
technique to investigate the optical birefringence typically
observed for lyotropic liquid crystalline phases.115 As seen in
work by Liu et al., the optical birefringent patterns of ChNC
dispersions appear at 5 wt% concentration in aqueous media
(Fig. 8a).116 Further POM imaging of ChNC suspension droplets
in silicone oil (Fig. 8b–e) demonstrated the formation of the
cholesteric phase, indicating that self-assembly occurred due to
concentric ordering within the droplet surrounded by an oil
medium. This feature is similar to the observations made with
CNCs.117

More recently, Oh et al. explored the formation of the chiral
nematic phase with ChNFs as opposed to ChNCs.118 A ‘‘natural’’
method was used involving the dispersion of bulk chitin into a
Ca–methanol gel, which was then solvent exchanged with other
isopropyl alcohol (IPA) and water. While a nematic liquid crystal-
line phase could be observed after solvent exchange with IPA,
a chiral nematic phase formed after solvent exchange with water.
The incorporation of Ca2+ cations was key during the formation
of the chiral nematic phase, likely due to the high binding
affinity of Ca on chitin, which can then screen the hydrogen-
bonding interactions that make ChNFs aggregate in the bulk
form. These gels were then incorporated into an epoxy resin,
whereby Young’s modulus and toughness tests demonstrated
that the ChNF hydrogel featured the highest mechanical
durability, likely due to the highly ordered nature of the gel.

Recently, further investigations have been performed in
studying how specific fabrication parameters and conditions
can affect the self-assembly behaviours of ChNC. These para-
meters include acid concentration and hydrolysis time during
ChNC formation, as well as DDA, pH, and ionic strength
conditions when making the liquid crystalline phases. Vignolini
and coworkers conducted an in-depth study on these parameters,

Fig. 6 Optical micrograph (with crossed polars) of the anisotropic phase
of a 5 wt% suspension of ChNCs. The fingerprint-like pattern, character-
istic of a cholesteric texture, exhibits periodic lines with a spacing of
B30 mm, corresponding to half the cholesteric pitch (p/2). Inset depicts
a visualisation of how the nanocrystals arrange to produce this pattern,
subsequently showing how the spacing depicts p/2. Adapted from ref. 38.
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in which they used ChNC synthesized from the acid hydrolysis
of prawn shell chitin.119 In general, increasing reaction time and

concentration of HCl during acid hydrolysis results in smaller
ChNCs, which increased the cholesteric pitch of the liquid

Fig. 7 (a) Variation in the average cholesteric pitch in biphasic samples prepared at different HCl concentrations. Each data point is the average value of
data taken along a dilution series in the biphasic domain. The entire set of pitch values is shown for HCl = 2.5 � 10�3 M (crosses). The line represents a
visual guide of the trend. The inset shows the evolution of the pitch as a function of chitin concentration for the case where HCl = 10�4 M. Every pitch
value reported in the graph is an average taken over 10–50 measurements made along the capillary tube axis. The measurements were made through
measuring (b) an optical image of the anisotropic phase. The T axis depicts the capillary axis. A and P vectors represent the crossed polars. Adapted
from ref. 114.

Fig. 8 POM images of different concentrations (top) of ChNC dispersions in (a) capillary form; (b) ordinary light images of the droplets of ChNCs
dispersions in silicone oil with different concentrations; (c–e) POM images of the droplets of different concentrations of ChNCs dispersion in silicone oil
with varying magnifications. Reproduced with permission from ref. 116.
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crystalline suspension. Further, ultrasonic tip sonication was also
a variable, in which larger energy and time spent on tip sonication
of the ChNC suspension could break up large bundles present in
the suspension. Thus, sonication can induce a smaller twist and
higher pitch value. Specifically, they compared using raw chitin
(DDA B 2%) and partially deacetylated raw chitin (DDA B 11%)
to produce ChNCs. However, after acid hydrolysis, it was evi-
denced that the DDA for both synthetic variations of ChNC
produced similar values, and that hydrolysis conditions exfoliated
the crystalline areas in a way to remove deacetylated portions of
the chitin. The main parameter in changing the cholesteric pitch
value was the adjustment of ionic strength and pH, producing
opposing effects on the self-assembly characteristics. When the
HCl concentration was increased while maintaining a similar
ionic strength with NaCl, the pitch increased. This relationship
was expected due to the repulsive forces involved with the proto-
nation of the few amines present at low pH. When ionic strength
is not controlled with increasing HCl concentration, a non-linear
trend in pitch emerges: the pitch increases up to a certain peak
concentration, and then substantially shortens at elevated HCl
concentrations beyond this peak concentration, indicating that
ionic strength is the dominant factor in determining pitch rather
than the repulsive forces that were previously dominant.

3.1.2. Nanochitosan liquid crystal behaviour. The liquid
crystalline behaviour of nanochitosan have been sparsely
reported compared to nanochitin, mostly due to the difficulty
in fabricating individual ChsNCs (see Section 2.2.2). The loss
of crystallinity and shape control involved in the process of
deacetylating ChNCs may also explain the difficulties in study-
ing this system. More work in this area will be needed to better
understand this system. For instance, how different the inter-
chain hydrogen-bonding strengths may affect cholesteric pitch
and order of these ChsNCs, as well as how these come into
effect while applying this nanomaterial to various processing
technologies. This knowledge will be incredibly useful for
future applications of ChsNCs in optoelectronics and liquid-
crystalline displays. Factors such as cholesteric pitch and
swelling behaviour can directly affect the structural coloration
of the nanomaterial.

However, there is one existing report by the group of
MacLachlan to organize ChsNFs into a left-handed chiral
nematic structure within a hydrogel.120 The ChsNFs were pre-
pared through sequential soaking of shrimp with acid and
alkali baths to remove protein and minerals, and then treated
three times with concentrated NaOH at 80 1C. Interestingly, the
ChsNFs were then acetylated with acetic anhydride to create a
hydrogel with reversible swelling behaviour through water
absorption. This swelling substantially increased the thickness
of the hydrogel by several-fold, which is reported to be much
higher than the pristine ChsNF hydrogel with nematic ordering.
Further experiments included the incorporation of a poly-
(methylmethacrylate) (PMMA) polymer into the acetylated
ChsNF matrix increases the response to swelling behaviour as
well as mechanical durability. The PMMA–ChsNF hydrogel
exhibited varied colours based on the swelling of the gel, as well
as retention of the left-handed chiral nematic structure.

3.2. Antibacterial and antioxidant properties

3.2.1. Nanochitin-based antibacterial and antioxidant
properties. As it is well established that deacetylation confers
improved antibacterial properties to chitin in the bulk phase,
the differences in antibacterial properties between varying
levels of deacetylation at the nanoscale has been recently
studied.121 In 2019, Xu et al. measured the antibacterial proper-
ties of ChNCs while varying their DDA values from 16 to 47%.122

In their study monitoring E. coli bacteria growth, they reported
that both pH and DDA were important parameters with respect
to antibacterial activity, with low pH and high DDA creating the
optimal conditions. In both of these parameters, the increase of
cationic amino groups was likely the main factor in the inhibi-
tion of bacteria growth. The minimum inhibitory concentration
(MIC) was used as a general parameter to quantify the activity
of antibacterial agents against an organism.123 It was observed
that with increasing DDA, the MIC decreased (Fig. 9a). Further,
the MIC decreased with respect to the amount of cationic
amino groups found on each sample (Fig. 9b), which was
calculated using the DDA value and pH at which the experiment
was conducted. Prior to this experiment, it was noted that

Fig. 9 Minimum inhibitory concentration (MIC) as a function of (a) DDA and (b) quantity of cationic amino groups on the ChNC. Adapted from ref. 122.
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positive amino groups can interact electrostatically with the
negatively charged microbial membrane in bulk chitosan, pro-
moting leakage of intracellular electrolytes such as potassium,
and effectively inhibiting cell growth.124

These results are further supported by another study from
Oh and coworkers, in which they also demonstrated the impor-
tance of the positively charged protonated amino group.125

Through comparison of as-made partially deacetylated ChNCs
with other types of nanochitin material such as ChNF, ChNCs,
and carboxylated ChNCs made through TEMPO-mediated
oxidation, they showed excellent antibacterial behaviour of
the partially deacetylated ChNC based on presence of positive
charges.

Much of the literature of the antibacterial properties of
ChNCs and ChNFs have been based on blending these nano-
materials with other polymers to make polymer nanocomposite
materials. For instance, Shankar et al. investigated using
ChNCs as nanofillers for carrageenan to create a homogeneous
nanocomposite film.126 In this study, the incorporation of
ChNCs promoted antibacterial activity towards L. monocytogenes
and E. coli bacteria. While a clear mechanism for antibacterial
behaviour has yet to be proven, the authors suggested a possible
pathway in which the ChNFs made the bacteria flocculate,
thereby preventing growth through a lack of nutrients and
dioxygen.

Copello and co-workers further investigated the use of
ChNCs in antimicrobial finishings of textiles.127 In this case,
ChNCs were used primarily for their durability, biocompatibility,
and high surface area for methylparaben adsorption, which was
the antimicrobial agent of choice. A major challenge with anti-
microbial coatings of textiles is leaching during washing cycles
(i.e., laundering the textile after use). Controlled release of
methylparaben was observed after 20 washing cycles, indicating
that the ChNCs embedded in a silica matrix can act to reduce
leaching of methylparaben in textiles, thus prolonging the anti-
microbial finishing. Further, consistent bacterial reduction for
various bacteria strains such as P. aeruinosa and S. aureus were
seen for the composite material, as opposed to control variables
without ChNCs (Fig. 10). This demonstrates that ChNCs have
enormous potential in antimicrobial coatings, with potential for
further development with other systems.

Other applications for antibacterial and antioxidant proper-
ties of ChNCs involve food packaging material, where microbial
spoilage is a major issue in food quality and preservation.128

Sun and coworkers demonstrated that, compared to free lyso-
zymes, lysozymes immobilized onto ChNCs can promote anti-
microbial activity.129 This study spurred the possibility of
ChNCs as a key nanomaterial for use as an antibacterial agent
in food preservation.

3.2.2. Nanochitosan-based antibacterial and antioxidant
properties. Although multiple chitosan-based nanomaterials
can be fabricated, investigations into antimicrobial activity of
ChsNPs appears more than any of the other nanomaterials.
A 2004 study by Qi et al. evaluated the antibacterial activity of
ChsNPs prepared through ionic gelation using TPP anions.130

The antibacterial assessment was performed in both water and

0.25% acetic acid, of which lower antibacterial activity was
exhibited in water, as chitosan is less soluble in water. Against
E. coli, S. choleraesuis, S. typhimurium and S. aureus, both the
MIC and MBC (minimum bactericidal concentration) of the
ChsNPs were found to be significantly higher than that of bulk
chitosan and doxycycline, a common tetracycline antibiotic.
By observing bacteria morphology, atomic force microscopy
(AFM) showed that S. cholerasesuis cells began to fragment after
3 h of ChsNP treatment. The interaction between cationic
amino groups and the anionic cell surface was also postulated
to be the main mechanism for antimicrobial activity. Therefore,
it was subsequently hypothesized that the much greater surface
charge density in ChsNPs accounts for their increased interaction
with bacteria compared to their bulk counterpart. ChsNPs tightly
adsorb onto its target site, the negatively charged plasma
membrane, leading to cytosolic leakage.16,130,131 In fact, Leonida
et al. found the nano-size dimension of ChsNPs increased
chitosan antimicrobial activity by 1.25–4.00 times.132 Another
study by Du et al. showed similar results in vitro, but further
extended this work by loading ChsNPs onto Ag+, Cu2+, Zn2+, Mn2+,
and Fe2+, each individually.133 The antibacterial activity of these
metal-chitosan composite nanomaterials was shown to be
enhanced compared to bare ChsNPs or metal ions – except for
Fe2+. While Ag+ ions were shown to exhibit the strongest
antibacterial property out of all samples, Cu2+ was enhanced
by 21–42 times when loaded onto ChsNPs. However, the MIC
and MBC values of Ag+–ChsNPs were slightly higher than that

Fig. 10 Bacterial reduction (%) versus washing cycle number for (a)
P. aeruginosa and (b) S. aureus. FM = only methylparaben mixed with
textile, FMW = methylparaben adsorbed onto ChNC mixed with textile,
FMT = FM immersed in mixture of tetraethyl orthosilicate (TEOS) then
mixed with textile, FMWT = FMW in mixture of TEOS then mixed with
textile. Adapted from ref. 127.
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of chlortetracycline, another common tetracycline – implying
the antibacterial activity of that novel nanomaterial could not
compare to antibiotics already in use for medical treatment.
Furthermore, this study found a clear and direct correlation
between the ChsNP positive zeta potential and their antibacterial
activity – which again led to the hypothesized electrostatic
mechanism previously explained. Chang et al. also suggested
that there could be additional binding between chitosan and
teichoic acids, found in mostly Gram-positive bacteria, which led
to lipid membrane extraction and thus cell content leakage.134

Gram-positive bacteria have also been suggested to be particu-
larly vulnerable to ChsNP antibacterial activity, as they lack an
outer lipid membrane, and the thick peptidoglycan layer they do
possess is in fact weaker towards antibacterial agents.135

Due to the water solubility of ChsNPs, Anitha et al. further
investigated antibacterial activity of chitosan’s water-soluble
derivatives, O-carboxymethyl chitosan (O-CMC) and N,O-
carboxymethyl chitosan (N,O-CMC), in nanoparticle form.100

N,O-CMC was found to have the strongest antibacterial effect
for its higher degree of carboxymethyl substitution, most likely
due to its greater solubility in aqueous media.136 A study
conducted by Xing et al. on oleoyl-chitosan nanoparticles
(OCNPs) also found that this material exhibited an ability to
permeate E. coli and S. aureus cells, causing pore formation
on the cell membrane and the release of intracellular
components.137 Based on this work, OCNP was shown to be a
novel antibacterial dispersion system with great potential.

Nanochitosan has also been explored for its antifungal
properties. Divya et al. found ChsNPs inhibit four different
strains of fungi, mostly with increased inhibition rates at
higher concentrations (Fig. 11).138 Its antifungal activity was
also shown to be more effective than amphotericin, a common
antifungal medication. The group elucidated the antifungal
mechanism of ChsNPs through microscopic observation, and
concluded that disruption of the cell membrane, and thus cell
lysis, was caused by the ChsNP’s cationic character, as was
explained previously for bacteria. Sathiyabama and Parthasarathy
also observed higher antifungal activity for nanochitosan than for
bulk chitosan against multiple phytopathogens, and assumed
that it is a result of the material’s increased permeability towards

cell membranes in the nanoscale.139 The higher zeta potential and
lower polydispersity index of the ChsNPs also contributed to the
improved stability and effectiveness of its antifungal activity.
Furthermore, antifungal properties were also observed in nano-
chitosan blended with Zn and Cu, along with additional benefits
such as enhanced plant defence enzymes.140 In a biomedical
context, Mubarak Ali et al. compared the antimicrobial activity of
ChsNPs against pathogenic bacteria and fungi and found that
C. albicans required a higher concentration of the ChNPs for
effective fungicidal activity.141 The thick cell wall was hypothe-
sized to explain this finding, as the complex components can
delay or hinder cellular lysis more effectively against the ChsNPs,
further supporting the postulated antimicrobial mechanism for
ChsNPs.

Nanochitosan’s anti-pathogenic properties against bacteria
and fungi have been exploited for many agricultural products,
including as a coating material for refrigerated fish fillets, as an
edible coating for bell pepper, and as a supplement for plant
growth and protection – all of which aim to improve or
maintain product quality.140,142,143 The material is also ideal
for many biomedical applications. For instance, Ikono et al.
used ChNPs for inhibition of S. mutans and C. albicans, the
bacterium and fungus responsible for dental caries.144 Bone
cement has also been impregnated with ChNPs as a promising
candidate for combating infection from a joint implant.145

There have also been many composite materials produced
that incorporate nanochitosan, and then applied as antimicro-
bial agents. For example, Ngo et al. observed that pectin:nano-
chitosan films for functional packaging inhibited growth of
spoilage bacteria, fungus, and yeast while also altering water
and oxygen permeability.146 Furthermore, nanochitosan-grafted
flocculants were synthesized by Chen et al., and were used to
successfully treat low turbidity and salmonella in water and had
a superior performance to traditional organic flocculants.147

Lastly, nanochitosan has antioxidant activities. Oxidation
occurs through the action of highly unstable free radicals,
causing chain reactions that can damage living cells in organ-
isms and food product quality. Antioxidant substances inhibit
or delay oxidation by quenching environmental free radicals.
In 2018, Alboghbeish et al. explored the effects of coating

Fig. 11 Percent rate inhibition against four strains of fungi (a) by increasing concentration of ChNP (10–50 mg ml�1) (b) by ChNPs grown in potato
dextrose agar. Adapted from ref. 138.
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refrigerated fish with chitosan and ChsNPs for storage.
2-Thiobarbituric acid (TBA) reactive substances were used as
an indicator for lipid peroxidation through the detection of fat
degradation products.142 Results demonstrated that not only
did the ChsNP have stronger antibacterial activity, but it also
seemed to effectively protect against lipid oxidation in fish: the
concentration of breakdown products was significantly reduced
in ChsNP coated samples, compared to bulk chitosan. The
group hypothesized that compared to bulk chitosan, the larger
surface area per volume in nanoscale chitosan improved the
scavenging power for OH radicals, thereby further reducing
lipid oxidation. Divya et al. and Mohammed et al. also observed
significant antioxidant activity in ChsNPs with different assays
and reached a similar conclusion, with the intent of applying
ChsNPs as an edible coating on vegetables to extend shelf-life,
displaying favourable properties for the agricultural industry.34,138

In addition, in a study of ChsNPs synthesized from a fungal
enzyme (T-CSNP), their antioxidant activity also appeared pro-
mising when evaluated with four different tests, including total
antioxidant assay, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging, total reducing power and H2O2 radical scavenging.100

A positive correlation was again observed between increasing
T-CSNP concentration and antioxidant activity, yet none of the
synthesized systems surpassed the positive standard, ascorbic
acid.131 The free-radical scavenging ability of T-CSNPs was
attributed to their amine and amino group, which explained
why their antioxidant activity is higher than that of TPP-
crosslinked ChsNPs.131 The antioxidant and antimicrobial
effect of ChsNPs has also been exploited for biomedical pur-
poses, such as treatment for cutaneous leishmaniasis, a skin
lesion caused by a single-celled parasite.141,148,149

Overall, the amine group confers to ChsNCs their unique
functionalities, which include antibacterial, antifungal, and
antioxidant properties, in contrast to un-modified nanocellulose,
providing a distinct advantage for nanochitin and nanochitosan
to be deployed preferentially in different biological applications,

as reviewed in Section 4. As seen in Section 3.2.1, any significant
antimicrobial activity for nanochitin was due to partial deacety-
lation in order to increase the number of amines groups on the
surface of the nanomaterial. Scheme 4 summarizes the trends in
functional properties of all nanochitin and nanochitosan
recently reported in the literature, along with the bacteria strains
that were studied.

3.3. Thermal and mechanical properties

In this section, the thermal and mechanical properties of
nanochitin and nanochitosan are explored. In much of the
literature, thermal and mechanical properties are investigated
in the context of a composite material.

3.3.1. Nanochitin thermal and mechanical properties.
While much of the literature is that of composite materials,
there is one report by Tran et al. where various types of
nanochitin thermal degradation properties were assessed.125

ChNFs, ChNCs, and carboxylated ChNCs were among the ones
tested, where their respective temperatures where 5 wt% of the
initial mass degraded (Td5) were 301 1C, 277 1C, and 256 1C,
respectively. Compared to the Td5 of bulk chitin of 285 1C,
thermal stability of chitin decreases when it is transformed into
ChNCs, while slightly increasing when made into ChNFs.
Comparing these values with the Td5 of CNCs (250 1C), it could
be seen that nanochitin materials have higher thermal stability
than nanocellulose, outlining the potential for such materials
as better nanofillers for material composites.150

Initial tests using ChNC-incorporated composites as ther-
moplastics were done by Paillet and Dufresne in 2001.57 They
fabricated a nanocomposite film of latex mixed with colloidal
ChNCs, with a weight fraction of ChNCs between 0–20%.
No noticeable effect on the shear modulus was observed
for temperatures below the glass transition temperature (Tg).
However, above Tg, the relaxed modulus increased by 160 times
with 10 wt% (w/w) ChNC. The authors attributed this finding to
the high aspect ratio of the ChNC.

Scheme 4 Summary of the antibacterial properties and the bacteria strains used for nanochitin and nanochitosan-based systems.
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ChNCs have also been incorporated into hydrogels for use as
cell scaffolds and drug delivery vehicles as studied by Chen and
coworkers151 Specifically, injectable hydrogels have received a
lot of attention as a tool for the creation of tissue scaffolds as
they can successfully offset the need for surgeries.152 To this
end, hydrogels featuring high tensile strength and elastic
modulus are in high demand.153 This study found that with
5% (w/w) incorporation of ChNCs into a beta-glycerophosphate-
based hydrogel, gelation time of the hydrogel decreased from
6038 s to 25 s. Furthermore, the same study also observed
increased mechanical durability for the hydrogels. The authors
attributed these remarkable mechanical enhancements to the
hydrogen bonding interactions between the glycerophosphate
hydrogel and ChNC. Drug release behaviour of this hydrogel
composite has also been studied, with in vitro acetylsalicylic
acid (ASA) release done as the model test. With the incorpora-
tion of ChNCs, there was a much slower release of ASA likely
due to the much greater crosslinking densities of the hydrogel
nanocomposite. Similar results were found by Pang et al. while
using ChNCs as an additive for a chitosan/dextran-based hydro-
gel, including shortened gelation time, increased compressive
stress, as well as higher bonding strength to tissues, indicating
a potential application in tissue adhesives.74 Other properties
that can seemingly be enhanced by ChNCs have been demon-
strated in the work of Xiong and coworkers in which gelation
temperature, as well as salt and pH resistance, was increased
for the ChNC enhanced gelatin.73

ChNCs can also be chemically modified using available
functional groups to support other substrates. Gu and co-workers
described a process in which poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) can be grafted onto ChNCs via chlori-
nation. The polymeric ends of PHBV are chlorinated with thionyl
chloride before covalently bonded to the ChNCs through the
hydroxyl group. The authors reported higher melting point tem-
peratures for ChNC-incorporated PHBV nanocomposites com-
pared to the native PHBV. In these examples, ChNCs were able to
afford the desired heightened mechanical durability due to their
high aspect ratio (similar to CNCs), as well as the tuneable
handle of both their acetamide and amine functionalities.

Aside from mechanical tests, the thermal parameters of
these nanomaterials have also been reported. These properties
include thermal expansion determined using a thermomecha-
nical analyser, onset and peak temperature determined using
differential scanning calorimetry, and thermal stability profiles
determined using thermogravimetric analysis (TGA). Thermal
properties are very important in applications where a material
needs to be very resistant to degradation at high temperatures,
such as food packaging films. Qin et al. incorporated ChNCs of
up to 5 wt% into maize starch films and saw an overall increase
in both onset temperature and peak temperature, showing an
optimal ChNC loading of 0.5 wt% with respect to the maize
film.72 Interestingly, TGA measurements showed that the max-
imum degradation temperature decreased with incorporation
of ChNCs into the films, which the authors attributed to the
decreased flexibility of the amylopectin chains in starches with
ChNCs as a filler.

The mechanical durability of ChNFs have also been reported
and tested for a variety of applications by Ifuku et al.154

A ChNF–(meth)acrylic resin nanocomposite film was created
that was optically transparent (Fig. 12a) and exhibited good
tensile strength of at least 30 MPa, depending on the type of
resin used. With the inclusion of ChNF within the (meth)acrylic
resin, the film’s Young’s modulus increased by up to 3.0 GPa,
as seen in Fig. 12b. Fan et al. also observed this finding with
ChNC–poly(lactic acid) (PLA) films as the thermal degradation
point decreased with respect to bulk a-chitin.155 In general, this
is to be expected since the nanoscale structure of ChNCs, along
with all other types of nanochitin and nanochitosan, confers
higher surface area, and therefore a lower threshold for with-
standing higher temperature. Similar results have also been
reported by Salaberria et al. by incorporating ChNCs into a
starch-based thermoplastic156 and for CNC composites as
well.157,158

Gelatin-based nanocomposites were also reported to be
reinforced by ChNFs. For instance, Rolandi and coworkers
demonstrated that the incorporation of ChNFs within gelatin
methacryloyl increased the hydrogel elastic modulus 1000-fold,
while also increasing stress-to-strain failure by more than 200%.159

Fig. 12 (a) Photo of Tricyclodecanedimethanoldimethacrylate (DCP) film with ChNF; (b) Young’s modulus of various meth(acrylic)–ChNF films and their
nanocomposites. Error bars show standard deviation. Adapted from ref. 154.

Nanoscale Horizons Review

Pu
bl

is
he

d 
on

 1
0 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
8.

09
.2

02
4 

06
:0

4:
32

. 
View Article Online

https://doi.org/10.1039/d0nh00696c


522 |  Nanoscale Horiz., 2021, 6, 505–542 This journal is © The Royal Society of Chemistry 2021

Surface deacetylation of the ChNFs were observed to be an
important parameter, as Li and co-workers had demonstrated
using ChNFs with surface deacetylation to produce gelatin-based
nanocomposites.160 Namely, the Young’s modulus of the
surface-deacetylated ChNF-containing gelatin increased 2.5-fold
compared to gelatin on its own. Neat ChNFs that did not
undergo a deacetylation treatment showed less pronounced
results than the surface-deacetylated ChNFs. The authors sug-
gested that improved hydrogen bonding from the amines played
an important role in increasing the tensile strength of the
nanocomposite.

ChNFs have also been directly applied to enhance CNC-
based films used for packaging materials. The group of Mer-
edith have shown that the incorporation of ChNFs into CNC-
based films can greatly augment the film’s ultimate tensile
strength (UTS), with a 1 : 3 ratio of CNC : ChNF being the
optimum conditions.161 Interestingly, even though the mixed
CNC/ChNF film performed the best, a film based only on ChNF
demonstrated only slightly lower UTS results. Furthermore,
authors also reported that lower acetylation of the ChNF
(i.e., more amines instead of acetamides) provided better
results for both UTS and breaking strain. These results indi-
cated that the positive electrostatic charge of the low acetylation
ChNF can enhance aggregation with the negative charge of the
CNC, therefore creating a much more compact film. Another
study from the same group further validated the enhancement
that ChNFs provided to CNC-based films through O2 perme-
ability tests, in which the combination of ChNF and CNC layers
could provide much less O2 permeability for use as barrier
materials for food packaging.162

The coefficient of thermal expansion was also analysed for
ChNF-containing nanocomposites, which typically possess an
inverse relationship with the Young’s modulus of a material.
Ifuku et al. reported a decrease in the coefficient of thermal
expansion with the incorporation of ChNFs into chitosan-based
films, which is an improvement from neat chitosan films.163

This was further validated by the same group with the incor-
poration of glycerol in a ChNF-based film.164 This improvement
was in contrast to the previously noted negative performance
for ChNC-incorporated polymeric films. A direct comparison
between ChNF and ChNCs was made by Salaberria et al., in
which the authors realized an increase in the thermal degrada-
tion temperature in a starch-based nanocomposite with ChNFs
as nano-fillers, while a decrease occurred when using ChNCs.156

They hypothesized that the as-made ChNFs contained more
amino groups that can interact with the hydroxyl groups of the
starch matrix, along with the minor accumulation of glycerol due
to its web-like morphology.

Aside from ChNF–polymer composites, Nam et al. measured
the thermal degradation behaviour of ChNFs with varying DDA
values, and observed a decrease in the maximum degrada-
tion temperature of ChNFs with respect to bulk chitin.165

Furthermore, they noticed that with increasing DDA value,
the maximum degradation temperature decreased. The authors
attributed this finding to the lower crystallinity for the ChNFs at
higher DDA.

3.3.2. Nanochitosan thermal and mechanical properties.
Nanochitosan have been reported to enhance mechanical pro-
perties of polymer-based nanocomposites and films. For example,
Rachtanapun and coworkers described using ChsNPs to reinforce
pectin-based films.146 With the incorporation of ChsNPs, the
film was found to have increased tensile strength, along with
decreased water vapor and oxygen permeability. Other reports
utilized ChsNPs as a reinforcement in glass-ionomer cements
(GICs) for use as dental restorative materials.166 Incorporation
of ChsNPs into conventional GICs via mixing increased tensile
strength by 70 MPa, compared to the maximum tensile strength
of 110 MPa of the conventional GIC.

In general, the thermal stability of ChsNPs has been
observed to decrease with respect to bulk chitosan, similar to
that of ChNCs. For instance, Sivakami et al. reported a decrease
in thermal stability of ChsNP made using ionic gelation com-
pared to bulk chitosan.167 Furthermore, Shajan and coworkers
also indicated that the addition of ChsNPs decreased the
thermal stability of a plasticized polymer nanocomposite elec-
trolyte based on poly(ethylene oxide) for application in lithium
ion batteries.168 Indeed, as more developments in the field of
nanochitosan are made, much more analysis and determina-
tion of these fundamental physical properties must be assessed
and understood.

3.4. Life cycle assessment and biodegradation

In addition to physical, chemical, biological and self-assembly
properties described in the previous sections, nanomaterials
made from polysaccharides feature the distinct advantage to
align with the principles of green chemistry and sustain-
ability.169 Utilizing biomass and especially biomass waste as a
source for accessing functional nanomaterials is an attractive
feature of nanochitin and nanochitosan in considering their
downstream applications.170 The life cycle assessment (LCA) of
a material details a ‘‘cradle-to-grave’’ scenario for these new
nanomaterials, quantifying details such as material extraction,
processing, manufacturing, distribution, use and maintenance,
recycling, and disposal.171 Currently most processes for produ-
cing nanochitin and nanochitosan are at low technology readi-
ness levels (TRLs), and as a result, no in-depth LCA studies have
been performed on them yet. However, there have been some
studies into closely related materials that could be serve as
guides for future investigations. For example, one recent review
highlights the efforts in addressing LCA on the field of
nanocellulose172 while another recent review highlights the
LCA of bulk chitosan production.173 Indeed, LCA studies will
be crucial in identifying and alleviating the environmental
impact on the processing of these nanomaterials as they
approach higher TRL associated with commercialization. Thus,
a sustainable pathway to an efficient shell bioeconomy will
require more than an environmental assessment. There is the
need to evaluate the sustainability of industry-standard proces-
sing technologies that may use decision support tools, low-
carbon procurement tools, and frameworks for monetizing
undervalued streams through economic assessment.174 More
important is the understanding and evaluating of trade-offs
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among product quality and functionality, technical efficiency,
and techno-economic viability.

On a similar vein to LCA, biodegradation is a characteristic
that is often touted for materials made from polysaccharides.175

While bulk chitin and chitosan have been tested for biodegrada-
tion in soil, nanochitin and nanochitosan studies have not yet
been reported.176 The impacts of their end of life treatment,
handling, and performance in various environments also needs
to be understood and mitigated in order to realize a net environ-
mental benefit and enable a circular shell bioeconomy. Thus,
following the framework of research that led to the development
and commercialization of nanocellulose-based materials, we
believe it is imperative that this gap in the literature must be
filled in order to move forward in making materials sustainably as
well as maintaining commercial value.

4. Applications of nanoscale chitin and
chitosan

The attractive properties of nanoscale chitin and chitosan, as
described in detail in Section 3, have led to their use in a
multitude of applications within the last two decades. In this
section, we will provide an in-depth discussion of the research
sectors actively using nanoscale chitin and chitosan, and the
relationship between these applications and the unique proper-
ties listed above. Particularly, the wide area of biomedical
applications will be split into drug delivery, medical devices,
and other applications that have been lesser reported such as
cosmetology, textile coatings, and filtration devices. Agricul-
tural applications including plant growth and food packaging
will also be included, along with a section on catalysis, which is
at its infancy and has huge potential in sprouting into a
large field.

4.1. Biomedical applications

Both chitin and chitosan have been extensively studied at both
the bulk and nanoscale in biomedical applications, thanks to
their abundance, low-cost, and antibacterial and biocompatible
properties. Biomedical applications have been divided into
three main categories: (1) drug delivery, (2) medical devices,
and (3) other miscellaneous applications. Drug delivery
includes studies involving encapsulation, release, and targeting.
Medical devices will incorporate aspects such as tissue engi-
neering applications for bone scaffolding, wound healing in
bandaging and suture applications, and dental devices. Finally,
miscellaneous applications will include unique works that are
not covered in the previous two sections such as cosmetology,
textile coatings, among other fascinating functions.

4.1.1. Drug delivery. Similar to nanocellulose, there are
many reports that describe the use of chitinous nanomaterials
for drug delivery applications. Due to their high solubility,
along with the nitrogen functional handle to coordinate with
various pharmaceutical molecules, extensive reviews have been
written that describe the use of bulk/nanoscale chitin and
chitosan.86,177–179 It should be noted that nanocomposite

materials that use bulk chitosan or chitin as a coating or as a
nanofiller without directly converting to the nanoscale first will
not be covered, and instead we would like to direct the reader to
a number of excellent reviews.180–184 For example, this includes
magnetically targeted NPs in which chitosan was used to coat
magnetic NPs.185–189 Furthermore, a huge focus in this section
is based on utilizing ChsNPs in particular, a subject of a
number of reviews that document their successful use in
encapsulating a diverse subset of small molecule drugs.190–192

ChsNPs are the dominant nanomaterial of choice for drug
encapsulation, as it possess the following desirable traits: high
biocompatibility, high stability, and low toxicity properties,
along with being very easy to synthesize using ionotropic
gelation.193 With this in mind, this section will focus on
covering the most recent advancements in the field, exploring
the advantages in using nano-chitin and -chitosan, while also
giving a brief overview on some of the current challenges to
their applications.

Table 3 lists the variety of drugs that currently use nanochitin-
and chitosan-based delivery systems. This list is only a represen-
tative portion of the amount of literature found for using
chitin- and chitosan-based nanomaterials in drug delivery with
the oldest being from 2012.

In order to move away from molecular target therapy which
focuses on a specific kinase or receptor within cancer cells,
much of the research for ChsNP relies on the enhanced
permeability and retention (EPR) effect, coined by Matsumura
et al.214 The EPR effect relies on the fact that many solid
tumours have defect sites located in their blood vessels. These
defect sites produce vascular permeability factors such that
large macromolecules will accumulate in tumour tissues, pas-
sing through the tumour blood vessels instead of the normal
blood vessels.215,216 Fang and coworkers utilized this effect
when fabricating ChsNPs with biotin, a substance known to
enhance binding of macromolecules to tumour cells.209,217 This
material was then loaded with bufalin, a candidate drug for
cancer chemotherapy. Bufalin induces cell arrest and apoptosis
in many cancer cells, yet it also has the central problem of all
chemotherapeutic agents: the severe toxic effect it has on cells
across the entire body.218 This application makes selective
targeting especially important, which can be achieved by a
dual-targeting mechanism of the EPR effect of the ChsNPs, as
well as selectively binding to tumour cells that express biotin
receptors. The biotin–ChsNP material loaded with bufalin
demonstrated much higher cytotoxicity to MCF-7 cells, as well
as improved therapeutic effects in a human MCF-7 breast
cancer nude mice model.

Co-encapsulation is also possible with ChsNPs, as reported
by Deng et al. with the loading of doxorubicin and microRNA-
34a (miR-34a) into ChsNPs made via ionic gelation with hya-
luronic acid and TPP (Fig. 13).40 An important factor in this
dual loading capability is the oppositely charged nature of
doxorubicin (DOX), which is positive, and miR-34a, which
is negative, which can electrostatically bind to each other
within the ChsNP–TPP matrix. Another notable factor is that
hyaluronic acid is also known to bind to the CD44 molecule on
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the MDA-MB-231 breast cancer cells, making it another ideal
candidate in creating targeted drug therapeutics.219 Fig. 13
depicts the process of how the ChsNPs loaded with DOX and
miR-34a are delivered into tumour cells directed by the CD44
receptor.

As opposed to using only one form of chitosan for ionic
gelation to form ChsNPs, Feng et al. implemented the use of
both carboxymethyl (CM)-chitosan and ‘‘pure’’ chitosan to form
a NP through electrostatic interactions between the positively
charged chitosan and negatively charged CM-chitosan.205

Furthermore, CM-chitosan has higher aqueous solubility than
chitosan, along with having a higher chance of binding Ca2+,
increasing parallular permeability of the epithelium.220 Thus,
CM-chitosan provides a unique access to higher solubility as
well as chelating ability in NP form. The group reported a

surface charge effect of loading DOX, with the positively
charged CM-chitosan/pure-chitosan NP cross-linked with TPP
outcompeting the negatively charged CM-chitosan/pure-chitosan
NP cross-linked with Ca2+, with the former achieving enhanced
cellular uptake.

Among other applications for ChsNPs in drug delivery, a
wide breadth of literature exists for DNA conjugated ChsNPs
as well as gene therapy, on which an excellent review was
written.221 Further, other types of nanochitosan such as
ChsNFs acquired from electrospinning have also received some
attention in drug delivery, which has been highlighted in a
recent review.222

To a lesser extent, nanochitin has also been explored for use
in drug delivery. Jayakumar and coworkers fabricated magnetic
CM–ChNPs crosslinked with CaCl2 and FeCl3 for in vitro
delivery of 5-fluorouricil.86 This system combined the drug
delivery capabilities of ChNPs with potential drug-tracking
potential due to its magnetic nature, with sustained and con-
trolled drug release as well as enhanced toxicity with KB cells.
In an effort to increase mechanical durability of hydrogel for
drug delivery and prolong the sustained release of the loaded
drugs, ChNCs have been incorporated into the hydrogel itself.
The first report of ChNC usage was claimed by Liu and
coworkers in 2018, in which they used ChNCs as a cross-
linker with glutaraldehyde to form a hydrogel drug carrier for
the incorporation of Tween-20 loaded curcumin.213 Improved
stiffness as well as mechanical strength of the hydrogel was
observed. They also proposed hydrogen-bond interactions
between curcumin and the hydrogel itself which enabled
its prolonged release in phosphate-buffered saline (PBS). Yet,
a direct mechanism for such a release was not proposed.
Additional work has also been done on reinforcing alginate-
based hydrogels reported by Petrova et al.,223 as well as rein-
forcing a chitosan/b-glycerophosphate injectable hydrogel done

Table 3 A representative list of various small molecules that have been encapsulated by nanochitin- and nanochitosan-based drug delivery carriers

Nanomaterial Type of drug encapsulated Application of drug Ref.

ChsNP via ionic gelation Ellagic acid Anticancer 194
ChsNP via ionic gelation Lansoprazole Antiulcer 195
ChsNP on polycaprolactone nanofibers Ferulic acid and resveratrol Non-melanoma skin cancer 196
ChsNP via ionic gelation Chlorogenic acid Antioxidant/anticancer 197
Quaternary ammonium palmitoyl glycol ChsNPs Leucine–enkaphaline peptide Anticancer 198
ChsNPs with hyaluronic acid Curcuminoid Anticancer 199
ChsNP via ionic gelation Jasmine oil Anticancer 200
ChsNP via ionic gelation Recombinant antigens rEIT and rStx2B E. coli vaccine candidate 201
ChsNP via filtration Plasmid DNA vaccine Swine flu vaccine 202
Thiolated ChsNP Insulin Oral delivery of insulin 203
ChsNP via ionic gelation Eugenol Rheumatoid arthritis 204
Carboxymethyl chitosan and ChsNP Doxorubicin Colorectal cancer therapy 205
ChsNP via succinic anhydride Herceptin targeted antibody and doxorubicin Breast cancer 206
ChsNP via ionic gelation Curcumin with epidermal growth factor conjugation Anticancer 207
ChsNP with EGFR antibody shell Curcuminoids Anticancer 208
Biotin-conjugated ChsNP Bufalin Anticancer 209
ChsNP via ionic gelation IL-2 Colorectal cancer 210
Cetuximab-conjugated ChsNP Paclitaxel Anticancer 211
ChsNP with hyaluronic acid MiR-34a and doxorubicin Breast cancer 40
cm-ChNPs 5-Fluorouracil Anticancer 86
Poly(lactic acid)–Chs NP composite Lamivudine Anti-HIV 212
ChNC–glutaraldehyde gel Circumin loaded with Tween 20 surfactant Anticancer 213

Fig. 13 Schematic illustration of the construction of ChsNPs made from
chitosan (CS) and ionic gelation with hyaluronic acid (HA) and TPP (top
right in the figure) for the simultaneous co-delivery of DOX and miR-34a
to MDA-MB-231 human breast cancer cells for enhanced anti-cancer
effects. Retrieved from ref. 40.
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by Wang et al.151 The use of ChNCs conferred high mechanical
durability to the materials, thanks to the highly crystalline
nature of nanochitin, while ChsNPs’ amorphous nature
afforded a loose structure conducive to high drug loading
and sustainable release. Due to the high crystalline nature of
ChNCs relative to other types of nanochitin, it is the ideal
nanofiller for strengthening other composites in drug delivery
vehicles.

Importantly, chitosan is one of the major polysaccharides
used in current research, with ChsNPs being at the forefront of
nanomedicinal efforts.

Indeed, there is still huge potential in advancing this field,
as many aspects such as direct functionalization of ChsNPs
or ChNCs have not been done. More specifically, thorough
in-depth surface characterizations are needed for synthesized
ChsNPs to determine factors such as DDA and surface func-
tional groups and how they affect both binding and release
capabilities of the drug within ChsNPs. As for the use of ChNCs
as a mechanical filler for the reinforcement of gel-like systems,
a molecular-level guide on how these nanomaterials behave
within these gels must be characterized to its fullest extent.
Importantly, the advantages of using ChsNCs which combine
aspects of mechanical filler reinforcement as well as the
primary amine group for drug binding can be a distinct avenue
for future research.

4.1.2. Wound healing and tissue engineering. The use of
bulk chitin and chitosan in wound-healing has been extensively
highlighted in several reviews.224–228 In fact, this research has
been extended into the nanoscale, as there is strong evidence
for further improved properties that make the material even
better suited for some applications. ChNCs have been used as
‘‘nanofillers,’’ or nanoscale substituents into bulk composites
to increase mechanical durability (Section 3.1). Tissue adhesion
is one area of research that can also exploit the biocompatibility
and mechanical durability of ChNCs. For instance, Xu et al.
created a nanocomposite adhesive based on a mussel-inspired
citrate-based adhesive, POEC-d.229 This nanocomposite is made
from a one-pot polycondensation of citric acid, 1,8-octanediol,

and dopamine. With the inclusion of 15 wt% (w/w) ChNCs into
the POEC-d adhesive, both the tensile strength and tensile
modulus increased by an order of magnitude. Further, increased
adhesion strength from lap-shear measurements were also
seen with ChNC incorporation (Fig. 14a). With increased ChNC
loading, greater shear strength was observed (Fig. 14b). The
authors proposed that the ChNC’s high tensile strength enabled
strengthened cohesion capacity, thereby leading to increased
macroscopic adhesion capability (Fig. 14c). ChNCs can improve
adhesion strength of certain adhesives, which warrants further
study for application as a wound-healing substituent.

Electrospinning is an effective and simple technique for the
fabrication of nanofibers from polymers for wound healing.226

The ultrafine fiber webs formed with this technique allows for
good absorption of wound exudates, prevention of dehydra-
tion and infection, gas permeability, and a sustained release
of loaded drug, making this technology highly suitable for
wounded tissue regeneration.224 While both chitin- and
chitosan-based nanomaterials have both been used for wound
healing applications, the latter has seen more use due to its
higher solubility. Naseri et al. developed a crosslinked nano-
composite fiber mat based on chitosan and polyethylene oxide
for wound dressing that is also reinforced with 50 wt%
ChNCs.230 This mechanically and thermally strong material
also had relatively low water vapor transmission rates (WVTR),
controlling water loss while considering the accumulation of
exudates from the wound. Besides physical reinforcement,
it was hypothesized that the ChNCs improved susceptibility
to lysozyme, as the breakdown product of chitin into chito-
oligomers stimulated macrophage activity and collagen deposition,
and thus the entire process of wound healing improved.66,225

This demonstrates the unique capabilities of ChNCs that other
systems would not have, including that of nanocellulose. Fibro-
blast action and proliferation of injured tissues was also stimu-
lated with wound treated with nanofibrous membranes, due to
the high surface area and porosity of the electrospun nano-
material which simulates the natural extracellular matrix.230,231

Nanofibrous membranes based on collagen, chitosan, and

Fig. 14 (a) Image of lap-shear measurement set-up (top) and two pieces of adhered porcine skins after tensile breaking; (b) the lap-shear adhesion
strength using wet porcine as the adherent. POEC-d (50%) and POEC-d (25%) are the catechol-based adhesive with aqueous weight concentration in
water in brackets. POEC-d-5%, POEC-d-10%, and POEC-d-15% are the POEC-d adhesives with 5, 10 and 15% (w/w) ChNCs with respect to POEC-d.
(c) Proposed mechanism of heightened adhesion caused by addition of ChNC. (*p o 0.05). Adapted from ref. 229.
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polyethylene oxide fabricated by Chen et al. also showed similar
beneficial effects for wound healing, and authors observed that
the nanofibrous membranes reduced wound area faster than
traditional gauze and commercial collagen sponges in animal
studies.232

This accelerated healing demonstrated that the biomaterial
promoted the growth of skin tissues in a comparable way to
commercial products. Izumi et al. also explored using deacety-
lated ChNFs on wound healing, although they did not use the
electrospinning process.233 The group discovered that much
greater fibroblast and collagen proliferation and re-epithelium
was induced by the surface-deacetylated ChNFs in a circular
excision wound model compared to bulk chitin, ChNFs, and
ChsNFs.

In terms of chitosan-based nanomaterials, one study eval-
uated the healing efficiency of electrospun, chitosan-blend
nano-Bioglass through acute skin trauma in rats and diabetic
chronic wounds in mice.234 Accelerated wound healing, com-
plete re-epithelialization, collagen deposition and alignment,
and regeneration of skin appendages were observed in vivo. The
complex and synergistic effect that the chitosan-based nano-
material exerted at different stages of healing are presented in
Fig. 15.232

Kossovich et al. also found electrospun ChsNFs to be effec-
tive for treating burn wounds, most of which are often quite
severe, as they involve large skin surface areas and thus have
the potential to be lethal.235 As reviewed by Jayakumar et al., the
material seemed to address many crucial aspects of wound

healing, including moisture control, wound ventilation, protec-
tion from infection, stimulation of tissue regeneration, and
degradation of material to minimize mechanical damage.225

Many other chitosan–blend nanofibers produced by electro-
spinning have also been explored and found to be effective for
the purpose of wound healing and skin cell proliferation, such
as with silk fibroin,236 poly(ethylene oxide),237 poly(vinyl
alcohol),225,238,239 polyaniline,240 and gelatin.241

Besides nanofiber mats, other forms of nanoscale chitin and
chitosan-based wound dressings have also been explored
including hydrogels, sprays, films, and sponges.224,242 For
example, Guo et al. constructed ChNP-based hydrogels through
electro-assembly to be dried into porous and tough aerogels.
The observed effects of the aerogel on wound healing in vivo
included acceleration of macrophage migration, and promo-
tion of granulation and vascularization.243 Mattioli-Belmonte
compared the effectiveness of ChNF/chitosan glycolate-based
material of wound healing in the form of a spray, gel, and gauze
to find that each form provided optimal treatment effects for
different types of wounds.242

Similar to epithelial tissue regeneration, chitin-based nano-
materials have also been explored as support for various disease
treatments through regenerative medicine. Much work has been
done in the use of hydrogels to produce cartilage tissue,244 bone
tissue,245–248 tracheal tissue,249 liver tissue,87 and myocardial
tissue, which is usually non-proliferative.250 The fabricated
hydrogel or scaffolding material is often intended to mimic
the corresponding extracellular matrix and specific environment

Fig. 15 Mechanism of chitosan-blend nanomaterial at different stages of wound healing leading to accelerated and enhanced wound healing. Adapted
from ref. 234.
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of the tissue of interest, thus supporting cell proliferation for
functional medical purposes.

Based on current literature, it appears that the use of
ChsNPs in bone regeneration is relatively more developed than
in other areas of regenerative medicine.251 In fact, Tao et al.
specifically reviewed bone regeneration applications using
nanofibers based on chitin and chitosan.252 For example,
Sedghi et al. used the MTT assay, an in vitro cell viability test, to
find their non-cytotoxic, antibacterial PCL-chitosan/magnesium-
hydroxyaptite electrospun nanofiber scaffolds proliferated osteo-
blast cells at a higher rate compared to the control with no
nanofiber scaffolds.246 Some studies have also addressed the
regeneration of cartilage tissues relevant to the treatment of
osteoarthritis.244 As bone regeneration is a main constraint
for bone grafting during surgery for bone conditions, this
novel, tuneable technology can potentially remove this large
limitation.253

4.1.3. Cosmetology. Some properties of chitin-based nano-
materials were also shown to be applicable to cosmeceutical
functions. Bulk chitin, chitosan, and their derivatives are ideal
ingredients for use in the cosmetic industry with beneficial
antimicrobial and antioxidant properties.254,255 Morganti and
Morganti discussed how chitin nanofibrils could be applied to
cosmetic dermatology.256 Chitin nanofibrils can be a suitable
and active ingredient to protect and restore skin barrier integ-
rity because they can regulate collagen synthesis, capture active
ingredients, neutralize free radicals, and retain water in the
skin matrix. Morganti et al. developed a medical device in an
injectable form based on ChNFs, phosphatidylcholine, and
hyaluronan to entrap active nutrients, and successfully demon-
strated its efficiency in reducing skin wrinkling and signs of
aging in photoaged subjects (Fig. 16).257 The treatment signifi-
cantly increased fibroblast activity, type-1 collagen synthesis,

and ATP activity of keratinocytes in vitro, which are the main
causes of skin aging.

Out of all derivatives, the results of carboxymethyl caproyl
chitosan seem to be especially remarkable as they can form
nano-network or nanospheres self-assemblies with strong anti-
oxidant and antibacterial activity and good water retention
properties.254 Jimtaisong et al. summarized five major functions
for the material to be applied to the cosmetic dermatology:
moisture retention, antimicrobial and antioxidant activity,
delivery system and natural-derived emulsion stabilizer.258

In the work of Anitha et al., their carboxymethyl ChsNPs (80–
100 nm in diameter) also exhibited stronger antibacterial
activity against S. aureus compared to ChsNPs.100 Considering
the applicability and versatility of CNCs currently being
researched for cosmeceutical applications, nanochitin and
nanochitosan have high potential for being used commercially
with further research.259,260

4.1.4. Antibacterial finishings. Due to their antibacterial
properties, nanochitin and nanochitosan there have been some
early reports in using them as part of antibacterial finishings
for fabrics and textiles. Shirvan et al. fabricated ChsNPs
on woven cotton fabric with a ‘‘layer-by-layer self-assembly’’
method.261 Besides the additional antibacterial properties
observed with increasing amount of layers, the water drop
spreading time, contact angle, and decrease in a whiteness
index also had a direct correlation with the number of layers.
Villanueva et al. enhanced the antimicrobial effect by encapsu-
lating methylparaben in ChNCs to be incorporated into the
textile, to provide a more gradual and controlled release of
antibiotics.127 The group assessed the antimicrobial efficiency
by quantifying the methylparaben leaching concentration
through HPLC, and confirmed that the antimicrobial effect of
the textile is laundry-durable for at least 20 washes.

4.2. Agricultural applications

As nanotechnology is starting to play a role in addressing
modern agricultural challenges, chitin-based nanomaterials
have risen in interest for their unique properties. A recent
review by Maluin and Husein highlights the advances of
chitinous agronanochemicals capable of promoting plant
growth and disease/pest mitigation through controlled release
of active ingredients.262 Agricultural ingredients, whether plant
growth promotors or biocidal materials, can be encapsulated in
chitinous matrices for controlled release to facilitate uptake by
plants and increased efficacy of the agrochemical. At the same
time, controlled release can minimize ingredient loss to the
environment via run-off and leaching. Furthermore, encapsula-
tion can lower the negative impacts of direct application of
agrochemicals on plants, which may cause unpredictable envir-
onmental and health damage to nearby ecosystems. Although
the following examples demonstrate the potential of nanochi-
tin and nanochitosan for agricultural applications, much work
is still required to translate laboratory-based results to larger
nursery and field trials.

4.2.1. Plant growth. Bulk chitin and chitosan have
shown to be have many applications in agriculture, including

Fig. 16 Changes in skin appearance of subjects before and after in vivo
treatment of nanocomposite injection. Adapted from ref. 257.
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stimulating plant growth, seed germination, enhancing crop
yield, improving nutrient uptake, and even increasing chloro-
phyll content.263 As their desirable properties seem to be
enhanced in the nanoscale, it would be logical to explore their
uses at the nanoscale for possible amplified results. In the case
of plant growth, the two common goals for improvement
are increased yield and better product quality. Traditionally,
products such as growth regulators, pesticides, and fertilizers
are applied for these purposes. The water insolubility of many
plant growth promoters and biocides limits their direct use on
plants, therefore chitin/chitosan matrices may prevent prema-
ture environmental degradation (typically photolysis) and
increase plant absorption.264

There have been a few studies that propose nanochitin as a
more sustainable alternative to pesticides and fertilizers to
achieve similar results. Xue et al. observed that a low concen-
tration of ChNPs in soil improved yield of winter wheat by
23.0% and 33.4%, for two different varieties.265 In the grain
filling stage of growth, there were also significant increases in
rate of photosynthesis, nutrient uptake, and transpiration during
growth. Based on their large surface and strong properties,
nanoparticles were previously reported to enhance nutrient
absorption in plants. This could enable them to promote plant
absorption of water from soil, along with possible organic com-
pounds and ions attached to the nanoparticles.266 In addition, the
quality of the winter wheat products in terms of zinc, iron, and
grain protein content was found to have improved – one of the
most important indexes for grain quality. A follow-up study by
Cheng et al. concluded that the applications of nanochitin
appears to significantly increase nitrogen content and promote
its metabolism in the wheat plant, as the increased nitrogen
supply enriches the nutritional value and enhances the yield.267

Protein, zinc, and iron deficiencies are nutrition-related health
problems at a global scale.268 The capability of nanochitin at low
doses to enhance the quality of a globally consumed grain
provides the material with immense agricultural potential.

Zhou et al. has also explored the use of ChNCs in tobacco
plants.269 The group found that low concentrations (0.001–
0.005% w/v) of nanochitin suspensions shortened time for
tobacco seed germination, increased stem girth and length,
and increased leaf number and area (Fig. 17). For example, the
incorporation of a 0.001 wt% suspension of ChNCs saw
increase in the stem girth, leaf number, and maximum leaf
area of tobacco seedlings by 27.28%, 19.12%, and 10.68%,
respectively. Interestingly, when the concentration of the ChNC
suspension was increased to 0.005 wt%, the increase in seed
germination and plant growth decreased in comparison with
the 0.001 wt% experiment, indicating that ChNCs have a low-
dose dependence effect on plant growth. When mixed with
small amounts of fungicides, nanochitin also exhibited syner-
gistic effects on inhibiting tobacco root rot disease. Similar
results of reduced time for germination and fungistatic properties
are observed in a study on pepper plants (Capsicum annuum),
where the effects of nanochitin were compared to that of bulk
chitosan.270 Although the exact mechanism of the enhancement
is unclear, nanochitin significantly reduced the mean time to

germination compared to chitosan. It was hypothesized that
this finding could be due to the increased permeability of
nanochitin due to its smaller size, causing greater uptake of
nutrients into the organelles in seed embryo relevant to
germination.269,270 The use of nanochitin to replace traditional
germination methods also provides antifungal properties,
which can simultaneously reduce the use of traditional chemical
fungicides, which can cause environmental damage.

Similar to studies of nanochitin, many studies of nano-
chitosan show similar effects of enhanced plant growth and
quality. Bulk chitosan has also been shown to contribute to
plant growth by enhancing the plant defence system. This
appears to occur through stimulating of plant-specific mechan-
isms, such as hydrogen peroxide production in rice.271 A few
reports indicate that nanochitosan also has this effect.
By primarily stimulating activity in plant defence and anti-
oxidant enzymes, Chandra et al. found a significantly improved
immune response in C. sinensis.272 The enzymes assayed
showed a reduction in oxidative stress, via reactive oxygen
species (ROS) scavenging. ROS are compounds oxidizing the
phenolic content responsible for resisting pathogens in plants.
Those enzymes include peroxidase, polyphenol oxidase, phenyl-
alanine ammonia lyase, b-1,3-glucanase and superoxide dismu-
tase (SOD), all of which showed 0.3% to more than 400% increase
in activity.

This result echoed the study of Choudhary et al., which
examined the boost in defence responses in maize upon the
application of Cu–ChsNPs.273 In the same study, Curvularia leaf
spot, a common disease in maize, was also significantly con-
trolled, as the authors also stated that the sustained release
profile of Cu from the nanomaterial additionally contributed to
the result for the metal’s antifungal effect. ChsNPs have also
been found to be a positive modulator of plant immune
response by elevating the total phenolic content of plants.
Chandra et al. observed that the increased enzyme activity
and phenolic content came from increased gene expression of
defence enzymes and compounds due to the ChsNP treatment.272

The fabrication of ChsNPs using chitosan and TPP is a
common strategy for the encapsulation of agricultural plant
ingredients such as plant growth regulators (PGRs) and

Fig. 17 Effect of applying nanochitin on tobacco plant seedling growth.
Control sample uses tap water, while nanochitin suspensions are applied in
NC samples. Adapted from ref. 269.
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biocides. PGRs are molecules that can alter plant hormonal
homeostasis and signalling to enhance plant development,
increase production, improve the visual and nutritional aspects
of food, and increase shelf life.274 Pereira et al. used this
method to encapsulate a well-known PGR, gibberellic acid
(GA3), which can stimulate the synthesis of hydrolases to
increase the availability of endosperm reserves for the
embryo.275,276 They evaluated the effects of seed priming on
tomatoes (Solanum lycopersicum) and found that the nanoALG/
CS-GA3 formulation consisting of chitosan and alginate exhibited
the best growth for plants cultivated under field conditions,
improving fruit production almost 4-fold. The authors hypothe-
sized that the ChsNPs formed a coating on the tomato seeds that
maintained hydration and extended the period of release of GA3
after initial seed priming process. Plant uptake of the GA3-loaded
ChsNPs continued to release GA3 within the plant tissues
which increased the bioavailability of the PGR compared direct
application of GA3.

Chauhan et al. investigated the fabrication of ChsNPs from
chitosan and TPP to encapsulate hexaconazole [(R,S)-2-(2,4-
dichlorophenyl)-1-(1H-1,2,4-triazole-1-yl)hexane-2-ol], a fungi-
cide commonly used for controlling fungal pathogens that
affect crops.277 Authors studied different concentrations of
chitosan and TPP to produce fungicide-loaded ChsNPs and
determined a relationship with the resulting ChsNPs size.
Using response surface plot analysis, an optimal nanocapsule
formulation was determined to be 100 nm nanocapsules with a
73% encapsulation efficiency at a chitosan concentration of
0.10% and a TPP concentration of 0.08%. As expected, release
of hexaconazole from the nanocapsules was fastest in acidic
soil due to the solubility of chitosan at lower pH. In comparison
to a commercial hexacoanzole formulation which released its
fungicidal payload in 5 days, the ChsNPs exhibited a far slower
release of hexaconazole in 14 days. The efficacy of the nano-
capsules were demonstrated against the soil-borne pathogen,
R. solani. Maluin et al. also used TPP to formulate ChsNPs of
different sizes to encapsulate the fungicides hexaconazole and
dazomet against the G. boninense, a fungus that causes basal
stem rot disease in oil palms.278 Similar to the work by
Chauhan, as the concentration of TPP increased, the resulting
size of the dual-loaded fungicidal ChsNPs also decreased. The
smaller ChsNPs (5 nm) exhibited the highest antifungal efficacy
against G. boninense, attributed to the higher surface area of the
nanoparticles to interact with the fungal cell wall. The syner-
gistic effect for the dual-loaded antifungal ChsNPs resulted in a
4-fold increase in antifungal activity, compared to single-loaded
hexaconazole and dazomet ChsNPs.

ChNPs loaded with avermectin have been investigated as a
means to control pinewood nematodes that cause the death of
millions of pine trees from pine wilt disease.279 Current control
measures to combat pine wilt disease include removal of
infected trees, aerial application of insecticides, and direct
trunk injection of anti-nematodal compounds such as avermec-
tin. Unfortunately, the poor solubility of avermectin in water
and its rapid photolysis results in poor bioavailability. This has
led to its excessive application, contributing needlessly to

environmental pollution. Liang et al. developed a nanocapsule
(B60 nm) consisting of anionic poly-g-glutamic acid and
cationic chitosan, crosslinked by TPP, with an encapsulation
efficiency of 30.5% for avermectin.279 Interestingly, in contrast
to ChsNPs fabricated from chitosan and TPP alone that break-
down under acidic conditions, these nanoparticles were more
resilient under acidic pH which was attributed to the electrostic
interaction of chitosan and poly-g-glutamic acid. The encapsu-
lation matrix was able to protect the avermectin from photo-
lysis loss by 20%, while increasing the efficacy of the biocide
from 69.9% in the free form to 98.6% while encapsulated.

4.2.2. Food science. Another large area of applications for
chitin and chitosan nanomaterials lies in the food industry.
The antimicrobial and antioxidant properties of chitosan
makes it attractive to be applied in food products to retain
product quality and extend shelf-life.

4.2.2.1. Food preservation. The use of chemical food addi-
tives is a modern method of preserving foodstuffs. Examples
include sodium nitrate to prevent botulism in meat products,
BHA and BHT to delay oxidation in cereal, and sulfites to
prevent contamination in wine, most of which are synthetically
produced.280 With increasing consumer demand for more
‘‘natural’’ products, chitosan has been a material of interest.

Research has explored the direct effects of nanochitosan on
food quality. The assessment of quality is usually completed
microbiologically for bacterial and fungal count, physiochemi-
cally for pH and degree of oxidation, and sometimes with
sensory evaluation for consumer consideration. Ramezani
et al. investigated the coating effects of ChsNPs and chitosan
on silver carp fish fillets. While both materials enhanced
preservation of the fillets, ChsNP had lower antibacterial activ-
ity starting at day 9 of refrigerated storage.281 An overall
indicator for spoilage in fish is the total volatile basic nitrogen
value (TVB-N). Its value for ChsNP-treated samples was signifi-
cantly lower than that of chitosan-treated samples on day 9 and
12 – implying that ChsNP may be a more appropriate coating
for maximal shelf-life extension (Fig. 18). However, in terms of
lipid oxidation, pH, and sensory evaluation, results showed that
ChsNP and chitosan shared the same degree of preservative
effect.

Fig. 18 TVB-N values changes measured at 3-day intervals. Different
lower-case letters in the same day represent a statistically significant
difference at P o 0.05. Adapted from ref. 281.
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ChsNP has also been coated onto cucumber,282 sprayed onto
freshly-cut apple slices,283 incorporated into fish surimi,284

dispersed in ice for tilapia to be submerged in285 and all studies
found similar results, where ChsNP had significant effects in
delaying microbial, oxidative spoilage and retaining quality
compared to control samples, measured by respective micro-
biological and physiochemical assessments. This effect is
primarily due to the antimicrobial and antioxidant properties
of ChsNPs.

Another rising technology involved in food preservation is
loading antibacterial agents, most notably plant essential oils,
onto ChsNPs for a controlled release, in an effort to create a
more potent and sustained antimicrobial and antioxidative
environment for the product.286 As an alternative to the tradi-
tional washing product for sanitation of chlorinated water
(NaOCl) Martı́nez-Hernández et al. produced carvacrol-loaded
ChsNPs and washed fresh-cut carrot slices with the solution.286

Carvacrol is a major component in the essential oils of several
herbs. Its strong bactericidal action comes from how its phe-
nolic compounds can interact with proteins of microorgan-
isms, leading to their precipitation, cell content leakage, and
cell lysis. Nanoencapsulation was achieved through first dissol-
ving carvacrol in ethanol, then adding it dropwise into aqueous
chitosan during homogenization, followed by TPP ionic gela-
tion. This emulsified formulation was performed in hopes of
improving the dispersibility, solubility, and stability of carva-
crol in the aqueous system during application, as the com-
pound is naturally aromatic and hydrophobic. The authors
observed that the treatment of carvacrol loaded ChsNPs pro-
duced the best sensory and physicochemical qualities in carrot-
specific parameters, as well as highly reducing the whitening
effect and microbial levels, by 0.6–3.0 log units. The reduced
whitening effect of carrots possibly comes from the inactivation
of discoloration enzymes, induced by the antioxidant activity of
carvacrol and chitosan. While the whitening is equally reduced
in samples directly treated with carvacrol solution, this solution
leads to more off-flavour and odours.

The release of carvacrol played an important role in the
preservative effect of the carrots. Hosseini et al. concluded that
the release profile of carvacrol in ChsNPs was biphasic.
As carvacrol was adsorbed on the nanoparticle surfaces, the
faster dissolution at the surface causes the compound to
release in an initial burst followed by continuously slower
release.287 For a more optimal extension of carrot shelf-life,
the initial burst must be controlled for a slower, more gradual
release. Additional research demonstrated that in a more acidic
medium, the greater ionic repulsion between cationic amino
groups on chitosan chains caused a greater dispersion, and
thus longer release.288 The solution in which the carvacrol-
loaded ChsNPs were fabricated was thus adjusted to a higher
pH (pH = 4.3), allowing for a more optimal, efficient release of
carvacrol and ensuing preservative effect.

Similar positive results for this nanoencapsulation techno-
logy of essential oils or other compounds in nanochitosan was
observed in many different settings, including cinnamon–
ChsNP in beef patties and on cucumber,289,290 rosemary

essential oil in chitosan–benzoic acid nanogel in beef cutlet,291

nitric oxide–ChsNPs on sweet cherry fruits,292 and cumin seed
essential oil–ChsNP on button mushrooms.293 All of these studies
observed enhanced antibacterial and antioxidant activity, a
reduction in microbial population and lipid oxidation, stability
in colour and sensation, and shelf-life extension. Many studies
have also compared using the essential oil in free form to an
encapsulated from. In the case of cinnamon essential oil in beef
patties, Ghaderi-Ghahfarokhi et al. observed that bacterial counts
remained similar for all treatments, but started to significantly
differ on day 8 of storage.289 The 0.1% encapsulated cinnamon
essential oil sample had the highest log decrease in S. aureus
counts, compared to its 0.05% encapsulated oil sample and
unencapsulated counterparts. The inhibitory effect for fungal
growth, lipid oxidation, and discolouration was also the most
notable in the 0.1% encapsulated sample, mostly for its sustained
release. Ultimately, this natural and novel additive seemed to
provide a promising delivery system that served to effectively
preserve many types of food products.

4.2.2.2. Food packaging. Many traditional food packaging
materials are derived from petroleum.294 Biodegradable and
eco-friendly food packaging materials have been a growing area
of research in recent years due to consumers’ concerns over
environment waste and food product quality. Similar to food
additives, food packaging is used to extend shelf life and
improve or retain product quality. The main aspect where
different types of packaging differ is the imperative film-
forming ability of the material, which is often the biggest
hurdle for non-conventional packaging materials.294,295 The
preparation of films typically involves pouring a film-forming
solution into a tray or mould, followed by drying.

Specific parameters become crucial in food packaging for its
function in food preservation, most notably water-vapor perme-
ability, film tensile strength, light absorption, and thermal
degradation. The incorporation of nanomaterials has been
found to improve these film properties, and also play an active
role in food preservation in the case of nanochitin or nano-
chitosan. Ifuku et al. explored the effects of reinforcing
chitosan-based high-strength transparent films with surface-
deacetylated ChNFs.163 With only a 10% blending of the
ChNFs, the group observed significant improvements in light
transparency and tensile strength, and significant reductions in
thermal expansion (Fig. 19). Increasing the content of ChNF
was also found to increase the chitosan film’s tensile strength.
It was hypothesized that the strong extended crystalline struc-
ture of the chitin core, along with the slow drying process, lead
to the formation of hydrogen bonds between the ChNFs resulting
in good mechanical properties of the films. Ultimately, the results
show that ChNFs act as an effective filler for novel, biodegradable
films that often lack strong properties needed for food packaging.
In a study by Satam et al., films with ChNF and CNC blends were
found to be mechanically stronger than both neat cellulose and
chitin films, as the blending of two materials led to aggregation
which supported the fibrous networks.161 Similar results of rein-
forcement were observed with ChsNPs as nanofillers for sago
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starch film.296 Due to changes in chemical structure, the nano-
composite film brought significant increases in its mechanical
properties including tensile strength, Young’s modulus, and
elongation at break. This was postulated to be mostly due to the
proper dispersion of the nanofillers throughout the film, yielding
a strong and reliant film. Thermogravimetric analysis also demon-
strated the film to be capable of sustaining heat-sealing applica-
tions. Many other studies also showed strengthening effects of
ChsNPs on various films, and some even had an enhanced
antimicrobial effect.103,297

Water-vapor permeability is another property important to
applications of food packaging. Often measured by water-vapor
diffusion coefficient (WVDC), the incorporation of ChsNPs
showed a decrease in WVDC when incorporated in a variety
of potential packaging materials, including chitosan/montmor-
illonite films,298 propolis–ChsNP films,299 and banana puree
films.103 This is speculated to be due to the increased compacting
of the film as the ChsNPs fill the empty spaces in the porous film
matrix, making it less likely for water to permeate and thus
enhancing its barrier properties.103,299,300 On the other hand,
Bao et al. observed that the addition of ChsNPs increased the
water vapor permeability in gelatin films.301 However, the gelatin
film is a protein-based film, while the previously mentioned are
all polysaccharide-based films. The group postulated that protein–
protein crosslinks became further away from each other due to
the dispersion of large nanoparticles in the network, causing
penetration of water to be easier.

Azarifar et al. studied the shelf-life characteristics of refri-
gerated raw beef using gelatin–CMC films incorporated with
ChNFs.302 By sealing beef fillet cubes with this active composite
film, the samples were shown to inhibit psychotropic bacteria
throughout 15 days of storage, delaying lipid oxidation and
protein decomposition, and overall prolonging the shelf life of
the beef. This is a result of the reduced oxygen permeability
of the film. There are many proposed mechanisms for this
reduced oxygen permeability, such as the formation of amide
and hydrogen bonds between ChNFs and gelatin chains to
increase cohesiveness, and the more tortuous film matrix,

reducing the speed of oxygen travel through the film. Ultimately,
chitin-based nanomaterials have shown to effectively improve
film properties, a key feature for the production of more sustain-
able alternatives to plastic food packaging.

4.2.2.3. Food bioavailability. Another interesting angle to the
use of nanochitineous materials in the context of food is their
interplay with human digestion itself. In one example, Zhou
et al. explored a possible adverse impact on this incorporation.
They observed that the nanochitin coating can in fact reduce
lipid digestion by 30%, reduce vitamin bioaccessibility by 45%,
and also decrease overall digestion rate.303 It is hypothesized
that nanochitin acts as a barrier for lipases to contact the lipid
molecules to catalyse digestion. Therefore, in this case, nano-
chitin could act as a functional ingredient at the expense of fat-
soluble vitamins bio-accessibility. Conversely, Khorasani et al.
found that ChNFs contributed to protecting the probiotic
population. Prebiotics induce the growth of probiotics in the
gut microbiome.304 By incorporating cellulose and ChNFs into
pectin as a prebiotic material, a slower degradation of the
biocomposite and a higher survival rate of probiotics was
observed. These results demonstrate potential for the usage
of ChNFs in improving the delivery of probiotics to the gastro-
intestinal (GI) tract and also increasing shelf life in probiotic-
loaded food products.

Guo et al. have also explored the fate of chitin-based
nanomaterials in the gastrointestinal tract.305 The authors
assessed the transformations that ChsNPs go through in the
GI tract through a simulated digestion and found that while
bulk chitosan dissolves in weakly acidic environment and
during digestion, TPP-crosslinked ChsNPs do not. These results
imply that ChsNPs remain stable from strongly to weakly acidic
solutions, indicating that they would be suitable for drug
delivery. The group observed that the surface zeta potential of
the ChsNPs went from positive to negative when moving from
the gastric to the small intestinal phase. This would be impor-
tant to consider for certain applications, as the positive surface
charge is often what provides the material with cell-adhesive

Fig. 19 Changes in (a) light transmittance (b) thermal expansion (c) tensile strength with increasing incorporation of chitin nanofibers in chitosan film.
Adapted from ref. 163.
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properties. In fact, using ChsNPs, Diop et al. managed to
increase bioefficiency of insulin by oral administration.306

Insulin is often destroyed by enzymes and the harsh environment
of digestion and therefore cannot be taken orally. By freeze drying
insulin-loaded ChsNPs for stabilization, followed by cross-linking
with TPP to increase bioefficiency, the procedure appeared to
effectively protect insulin and reduce glycemia in insulinopenic
rats.307 This nanoencapsulation technique using chitosan-
based nanomaterials has also shown to successfully improved
bioavailability of bioactive food components, including carote-
noids, vitamins, and essential oils - as reviewed by Akbari-
Alavijeh et al.308

4.3. Water filtration and purification

Many applications for water filtration have been explored using
chitosan-based nanofibers, for the prupose of metal and bac-
terial decontamination.309 The size and morphology of ChsNFs,
along with chitosan’s antimicrobial and metal binding ability,
makes it a very suitable material for this purpose. Nanofibrous
membranes that are typically electrospun have also been found
to withstand high fluid flux while also removing particulates
from liquids.310 Cooper et al. demonstrates the fabrication of
polycaprolactone (PCL) and chitosan composite nanofibers
which was then tested for water remediation, specifically for
antibacterial filtration of S. aureus.310 By incorporating increa-
sing ratios of chitosan within the nanofibers, less bacteria
colonies formed on the nanofibers membranes with higher
chitosan concentration, as seen on Fig. 20. With no chitosan
incorporation (Fig. 20a and e), dense bacteria colonies were
able to proliferate on the surface of the nanofibers, detrimental
to filtration systems due to the potential for bio-fouling or
decreased filter efficiencies.311 With 25% chitosan (Fig. 20b and
f) and 50% chitosan (Fig. 20c and g) content, fewer bacteria
colonies formed, attributed to the antibacterial properties of
the chitosan. Even though very few bacterial colonies formed
on the 75% chitosan (Fig. 20d and h) nanofiber, excessive
swelling of the nanofibers began to develop and were unable
to filter water at a high flux for a prolonged period of time.

The authors reported an optimized formulation at 25% chitosan
incorporation within PLA–chitosan nanofiber membranes,
enabling the successful filtration of 100% of 4300 nm particles
as a prolonged pre-filter. Chitosan inhibited the development of
bacteria colonies on the surface of the membrane, which is an
important issue for water remediation filtration technologies.

ChsNFs have been used to bind many heavy metals, such as
Cr(VI),312,313 Cu(II) and Pb(II).314 For instance, Desai et al.
observed Cr(VI) binding capacities of up to 35 mg chromium
per g chitosan and 2–3 log reduction in E. coli count.309

Furthermore, Haider and Park examined the metal adsorption
of electrospun ChsNF.314 Mono-layer adsorption was observed
on the nanofiber mats, as there was good erosion stability and
high affinity for adsorbing metal ions in aqueous solutions.
It was also observed that Cu(II) adsorption with ChsNFs is six
times higher than that of chitosan microspheres, and 11 times
higher than bulk chitosan, implying that size is another crucial
factor responsible for the high adsorption capacity of the
material. Desai et al. also related the physical filtration effi-
ciency, antimicrobial properties, and metal binding capabi-
lities to the surface chitosan content of the nanofiber
mats.309 Moreover, as Makaremi et al. used polyacrylonitrile
(PAN) nanofibers for water filtration, they found that an
additional layer of electrospun chitosan membrane increased
tensile strength and elasticity modulus, while significantly
improving heavy metal adsorption, bacteria filtration, and
antibacterial action.315 Bai also explored filtration of porcine
parvovirus, a water-borne virus causing diarrhoeal disease, by
functionalizing the nanofibers to form chitosan chloride and
blending the electrospinning solution with graphene.316 This
modification increased the removal of the virus to a minimum
of 99% in solution. In addition to water filtration, electron-
spun ChsNFs have also been explored to be effective at air
filtration.317

4.4. Catalysis

Nanochitin and nanochitosan have been used in catalysis,
in three main contexts: (1) as a catalyst support for metal

Fig. 20 Scanning electron microscopy (SEM) analysis of S. aureus on nanofibrous membranes at low (top row) and high (bottom row) magnifications.
(a and e) PCL only, (b and f) 25% chitosan, (c and g) 50% chitosan and (d and h) 75% chitosan. The samples were fixed after 24 h of culture with an initial
bacteria density of 5 � 104 cells per mL in tryptic soy broth medium. Scale bars represent 5 mm (top row) and 2.5 mm (bottom row). Note the excessive
fiber swelling in h. Adapted from ref. 310.
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nanoparticles, (2) as an organocatalyst itself, and (3) as an
enzyme immobilization for biocatalysis. Firstly, the use of bulk
chitin or chitosan as a catalyst support is well-established and
has been extensively reviewed,318–321 for instance in systems
featuring Fe3O4,319 Pd,320,322,323 Cu,324 Ni,325 Rh,326 and Pt,327

as the catalytic species. Thanks to the practicality of its primary
amine functionality in promoting solubility and metal nano-
particle stabilization, chitosan is often preferred over chitin.328

The nanoscale counterparts of chitin and chitosan have how-
ever been far less explored, despite the inspiring advance-
ments seen while using other types of supports in the nano-
regime, such as carbon- and metal oxide-based nanomaterials.
Table 4 depicts the various organic transformations that have
been done using nanochitin and nanochitosan, as well as
their reported rate constants and turnover frequency (TOF)
values.

Yang et al. used ChNCs as a support for Ag NPs as a catalyst
for environmental waste removal, using the reduction of congo
red as a model reaction (Scheme 5).329 Sodium lignosulfonate
(NaLS) was combined with ChNCs and AgNO3 to produce Ag
NPs with a diameter of 15 � 5 nm, upon NaBH4 reduction. The
authors further showed a good rate constant for the congo red
reaction at 50.2 � 10�3 s�1, while also maintaining catalytic
efficiency of up to 90% even after 5 reaction cycles.

We recently reported the use of carboxylated ChsNCs as a
versatile catalyst support for Au catalysis (Scheme 6).39 By using
the catalytic reduction of 4-nitrophenol as a model reaction, it
was demonstrated that Au supported on ChsNCs had better
catalytic activity than ChNCs, proving the effectiveness of the
amine functionality in stabilizing highly disperse metal NP
catalysts. Further comparisons with Au supported on bulk
chitin and chitosan also proved that the nanoscale nature of
ChsNCs were crucial in yielding high surface area for metal NPs
to deposit onto. Interestingly, by comparing with other litera-
ture values for the same reaction, ChsNCs were the most
effective catalyst support for Au, outperforming all other
carbon-based supports including CNCs.

Nanochitin itself has also been used as a base catalyst for
the aqueous Knoevenagel condensation reaction, as reported
by Isogai and coworkers in 2014 (Scheme 7). A flow system was
implemented with ChNF-based hydrogel and aerogels, show-
ing exceptional turnover frequencies of 22 h�1 at a flow rate
between 0.03–0.04 mL min�1. Importantly, control tests using
aerogels made with cellulose showed virtually no product
yield, highlighting the importance of the amine units on the
ChNFs. Aerogels made from bulk chitosan were also tested to
yield no product, further indicating the importance of the
increased surface area from making aerogels from ChNFs.330

Table 4 Organic transformations done using nanochitin or nanochitosan as either a support for metal nanoparticle catalysis or as an organocatalyst
itself

Reaction Catalyst Rate constant, k, s�1 Turnover frequency, h�1 Ref.

Reduction of congo red Ag NPs supported on ChNCs 50.2 � 10�3 — 329
Reduction of 4-nitrophenol Au NPs supported on ChsNCs 4.75 � 10�3 8557 39
Aldehyde–amine–alkyne coupling Au NPs supported on ChsNCs — 8.3 39
Heck coupling Pd NPs supported on ChNCs — 4.2 331
Knoevenagel condensation ChNF aerogel — 22 330

Scheme 5 Catalytic reduction of Congo red via AgNPs supported by NaLS@ChNC.

Scheme 6 Catalytic reduction of 4-nitrophenol and multicomponent A3 coupling reaction catalysed by Au supported on ChsNC.
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Recently, our group has also used ChNCs as a support for
PdNPs to catalyse the Heck coupling reaction (Scheme 8). Full
product yield was observed after 24 h and 90 1C.331

The immobilization of enzymes is a large field under devel-
opment to promote the sustainable usage of costly enzymes,
ensure easy separation from products (akin to heterogeneous
catalysis), and prevent deactivation in the presence of deviations
from the ideal condition such as pH, temperature, and reaction
media.332 ChNCs have been shown to effectively immobilize
enzymes for biocatalysis. For instance, Cao et al. immobilized
porcine pancrease lipase (PPL) onto ChNC using a crosslinking
procedure with glutaraldehyde.82 In a model reaction, the
reduction of N-a-benzoyl-D,L-arginine-pnitroanilide to 4-nitro-
aniline (Scheme 9) showed that ChNC prevented deactivation
of the PPL enzyme when subjected to changes in pH and
temperature, as compared to free PPL.

Similarly, a chitosan/poly(vinyl alcohol) nanofibrous membrane
was prepared by Huang et al. for the immobilization of lipase from
Candida rugosa.333 The activity after use, pH, and thermal stability
were all improved compared to free enzymes. Other enzymes
that have been immobilized on electrospun ChsNFs include
trypsin and acetylcholinesterase, with trypsin showing long-term
activity and recyclability for the reduction of N-a-benzoyl-D,L-
arginine-pnitroanilide (Scheme 9) compared to free enzyme.334,335

Park et al. also immobilized lysozyme on electrospun, stabilized
chitosan/poly(vinyl alcohol) nanofibrous membranes as it was

shown to be effective for continuous antibacterial function.336

While free lysozymes lost all activity after 80 days of room
temperature storage, 75.4% of initial activity was retained in
the immobilized lysozymes, all while having bacteriostatic
properties.

With these few notable examples, it is apparent that there
is a huge gap within the literature to expand upon the use of
nanoscale chitin and chitosan as metal catalyst supports com-
pared to CNCs or as an organocatalyst themselves. One impor-
tant aspect to consider is the wide variety of functionalization
that can be done via the acetamide or amine on chitin and
chitosan, respectively. While this has been done with bulk
chitin and chitosan, it will be of notable interest to understand
how manipulating these nitrogen handles on the nanoscale can
drastically alter their properties, as it has been seen within the
cellulose literature. Important properties of chitin and chitosan
to augment include, but are not limited to, metal binding,
solubility, thermal and mechanical durability, and catalytic
effectiveness (e.g., by hydrophobic moieties to boost interaction
of reacting substrates). A litany of reactions may be used to
accomplish this including reductive amination, Schiff base
formation, thiolation, among many others that can introduce
a variety of unique ligands, which have already been done with
bulk chitosan.328 With this in mind, it is hopeful that this field
will offer both the promising advantages of heterogeneity in
using a catalyst support, along with green chemistry principles
such as sustainability and waste valorisation in making the next
generation of catalytic materials.

5. Conclusions and future outlooks

In the present review, we have attempted to showcase the
functional properties of nanochitin and nanochitosan and
articulate how these materials may address technical chal-
lenges in applications across multiple disciplines. In particular,
we started by focussing on the current known fabrication
procedures for producing nanochitin and nanochitosan. Yet,
these materials face significant challenges in catching up to the
technology development of nanocellulose. Milder and more
economical and sustainable techniques are the focus of inten-
sive research efforts to fine-tune the morphology of these
materials, to create consistent batch-to-batch quality in product,
and to ease in scale-up production. Current processes to produce
nanochitin and nanochitosan use significant amounts of water
and chemical reagents, whether they are corrosive mineral acids
for hydrolysis or strong bases for chitin deacetylation. Little is
known regarding their biodegradation and toxicity, while LCA
must be conducted more rigorously to compare known processes
to emerging ones. CNC production is currently reaching com-
mercial scale on the strength of years of R&D to reduce water
consumption and recover/reuse these chemical reagents to lower
the cost of production. One key technical challenge to overcome
is the amorphization that occurs with the synthesis of ChsNC,
as crystallinity has an important role in many applications
related to mechanical and thermal properties. For example,

Scheme 7 Knoevenagel condensation reaction catalysed by a ChNF
aerogel.

Scheme 8 Heck coupling reaction catalysed by PdNPs supported on
ChNCs.

Scheme 9 Enzymatic reduction of N-a-benzoyl-D,L-arginine-pnitro-
anilide to 4-nitroaniline.
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compromises between crystallinity and DDA may prove to be the
pivot point in maximizing the potential of chitosan-based nano-
materials, where only the surface of the nanocrystals should be
fully deacetylated while the interior be fully crystalline. The work
of the Hsieh group on this topic is particularly inspiring.90

The functional properties of nanochitin and nanochitosan
may provide these materials the opportunity to supercede
nanocellulose. As physical reinforcing agents, the additional
nitrogen-bearing groups on nanochitin and nanochitosan are
able to contribute to additional electrostatic or chemical cross-
linking interactions. We anticipate that nanochitin and nano-
chitosan will specifically benefit from this increase reactivity
imparted by the nitrogen-bearing groups in areas such as
wound healing, tissue adhesion, drug delivery, drug encapsula-
tion, and environmental remediation. We anticipate with more
refined processing, nanochitosan (specifically ChsNCs and
ChsNFs) can have a greater role in food packaging and bio-
medicine, due to its natural antimicrobial characteristics.
Furthermore, the area of organocatalysis also has huge potential
for development, as nanochitosan features high surface area
characteristics along with amine groups that can be used as a
Lewis base, or participate in the formation of imine- and
enamine-type organocatalytic reactions. In such a small period
of time, the literature has shown a wealth of initial applications
using nanochitin and nanochitosan materials, reminiscent
of the surge in publications associated with nanocellulose.
We anticipate that future research will not only advance some
of these identified application areas, but begin to address the
core challenges related to economics and sustainability, key
factors to commercial viability for nanochitin and nanochitosan.
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