
����������
�������

Citation: Muñoz-Núñez, C.;

Fernández-García, M.;

Muñoz-Bonilla, A. Chitin

Nanocrystals: Environmentally

Friendly Materials for the

Development of Bioactive Films.

Coatings 2022, 12, 144. https://

doi.org/10.3390/coatings12020144

Academic Editor: Alina Vladescu

Received: 20 December 2021

Accepted: 24 January 2022

Published: 25 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Review

Chitin Nanocrystals: Environmentally Friendly Materials for
the Development of Bioactive Films
Carolina Muñoz-Núñez 1,2, Marta Fernández-García 1,2 and Alexandra Muñoz-Bonilla 1,2,*

1 Institute of Polymer Science and Technology (ICTP-CSIC), C. Juan de la Cierva 3, 28006 Madrid, Spain;
carolinamunoz@ictp.csic.es (C.M.-N.); martafg@ictp.csic.es (M.F.-G.)

2 Interdisciplinary Platform for Sustainable Plastics towards a Circular Economy-Spanish National Research
Council (SusPlast-CSIC), 28006 Madrid, Spain

* Correspondence: sbonilla@ictp.csic.es

Abstract: Biobased nanomaterials have gained growing interest in recent years for the sustainable
development of composite films and coatings, providing new opportunities and high-performance
products. In particular, chitin and cellulose nanocrystals offer an attractive combination of properties,
including a rod shape, dispersibility, outstanding surface properties, and mechanical and barrier
properties, which make these nanomaterials excellent candidates for sustainable reinforcing materials.
Until now, most of the research has been focused on cellulose nanomaterials; however, in the last few
years, chitin nanocrystals (ChNCs) have gained more interest, especially for biomedical applications.
Due to their biological properties, such as high biocompatibility, biodegradability, and antibacterial
and antioxidant properties, as well as their superior adhesive properties and promotion of cell
proliferation, chitin nanocrystals have emerged as valuable components of composite biomaterials
and bioactive materials. This review attempts to provide an overview of the use of chitin nanocrystals
for the development of bioactive composite films in biomedical and packaging systems.

Keywords: chitin nanocrystals; bioactive films; surface functionalization; antimicrobial films; Pickering
stabilizers; tissue engineering; adhesives

1. Introduction

Chitin is the second most abundant biopolymer after cellulose, with an estimated
annual production of approximately 1010 to 1011 tons [1,2]. Chitin is found in the exoskele-
tons of arthropods, cuticles of insects, and in certain fungi and seaweed algae, having
principally a supporting function. In addition to its structural properties, high strength,
and abundance, chitin has bioactive benefits, such as biodegradability, biocompatibility,
hemostatic ability, and antioxidant and antimicrobial properties. In comparison with cel-
lulose, chitin has a richer chemistry, with more chemical functionalities accessible. For
all these reasons, chitin and chitosan (its main derivative)-based materials have found
applications in multiple industrial sectors [3], with special interest as green components in
sustainable materials and in the biomaterials field. In spite of this, in certain applications,
their use is restricted, principally due to their limited solubility. In the last few years, the
research on nanoscale chitin [4–6] has gained growing interest regarding the avoidance
of such limitations and also the extension of its applicability because it combines the ad-
vantages of neat chitin with the characteristics of nanomaterials, such as a high aspect
ratio, high surface area, and low density. In particular, chitin nanocrystals (ChNCs) have
shown great potential as sustainable and bioactive nanomaterials in many uses. ChNCs are
defined as nano-rod-shaped structures that are highly crystalline (even more than 80%),
with a wide aspect ratio between 5 and 20 nm in width and hundreds of nm in length,
depending on the source and treatment [7]. The source and treatment used during their
synthesis also influence the surface chemistry of the nanocrystals, mainly hydroxyl, amine,
carboxyl, and acetamide, which provide improved dispersibility of ChNCs and facilitate
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surface functionalization. Due to these attractive features, ChNCs have been postulated in
many applications previously studied for cellulose nanocrystals, including coatings. The
incorporation of ChNCs and cellulose nanocrystals in coatings improves the mechanical
performance while maintaining optical transparency. Moreover, in packaging materials,
such nanocrystals impart biodegradability and barrier properties, and they can help in the
development of biobased packaging materials for the gradual replacement of petroleum-
based plastics [8]. Chitin and chitosan nanocrystals also provide additional functionalities
that make these materials especially interesting for the preparation of bioactive coatings
and films, including adhesion, antioxidant, and antimicrobial properties. In this review,
we will focus on the latest research carried out in the development of bioactive coatings
and films based on chitin nanocrystals, mostly for potential biomedical and packaging
applications. In Section 2, various synthetic procedures to obtain chitin nanocrystals will be
outlined; Section 3 will provide an overview of the surface functionalization and chemical
modification possibilities offered by ChNCs; Section 4 will describe the recent advances
in the preparation of composite films based on ChNCs; Section 5 will highlight the main
applications in bioactive coatings; and, finally, Section 6 will provide a future outlook.

2. Synthesis of Chitin Nanocrystals (ChNCs)

Chitin is a linear polysaccharide containing N-acetyl-D-glucosamine units linked
through β-1,4 glycosidic bonds, with typically over 70% of crystalline phase in the form of
three polymorphs, namely α-, β-, and γ-chitin depending on the sources [9]. In the native
form, chitin is assembled by strong hydrogen bond interactions into nanofibrils of 2–5 nm
wide and around 300 nm long; these crystalline regions alternate with amorphous regions
(Figure 1). The efficient elimination of these amorphous domains typically leads to the
formation of chitin nanocrystals. Several methods have been developed to obtain chitin
nanocrystals from the degradation of the amorphous domains of native chitin, including
acid hydrolysis, oxidation, and mechanical treatment [5,10].

Figure 1. Schematic illustrations for chitin structures and polymorphs, and for the preparation
process of chitin nanocrystals.

2.1. Acid Hydrolysis

Acidolysis can effectively destroy the amorphous regions while keeping the highly
crystalline regions almost intact, remaining as segments. By controlling the reaction con-
ditions, the acid can predominantly attack the β-1,4-glycosidic bond (Figure 2) of the
amorphous regions as the polymer chains are in a random coil assembly. Therefore, precise
control of the hydrolysis process is essential for high yields, quality, and aspect ratio of
ChNCs. Primarily, mineral acids, such as sulfuric acid and hydrochloric acid, are used for
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the isolation of chitin nanocrystals. Briefly, in this method, purified chitin is added in an
aqueous acid solution (i.e., 3 M HCl) and the suspension is stirred at a high temperature
(90–100 ◦C) for a certain time (1.5–6 h) [11–15]. After this, the reaction is stopped by adding
water and the suspension is centrifuged several times. To ensure the elimination of the
acid solution, the suspension is dialyzed with deionized water and usually an ultrasound
treatment is further carried out to improve dispersibility [16,17]. The morphology of the
obtained chitin nanocrystals is found to be rod-like or whisker-like. When sulfuric acid is
used in the hydrolysis, the presence of sulfate groups on the surfaces of ChNCs is typically
found, resulting in negatively charged crystals, whereas the crystals obtained by HCl
hydrolysis only have hydroxyls groups at the surface. Moreover, partial deacetylation at
the C2 position can occur during the purification process [18].

Figure 2. Acidolysis reaction of the β-1,4-glycosidic bond of chitin.

Although this method is very effective in the preparation of chitin nanocrystals, it
is, however, a non-environmentally friendly process, hazardous, toxic, and corrosive as
it employs a highly concentrated acid. Alternatively, in the last few years, deep eutectic
solvents (DESs) have emerged as very promising hydrolytic media for the preparation of
chitin nanocrystals. Previously, DESs as well as ionic liquids have been used as media for
the preparation of chitin nanocrystals [19–21], and, recently, acidic deep eutectic solvents
have been demonstrated to be also useful as hydrolytic media for chitin nanocrystal
production [22,23]. For instance, chitin nanocrystals with high crystallinity were obtained
by using DESs derived from choline chloride and different organic acids (oxalic acid, lactic
acid, malonic acid, citric acid, and DL-malic acid) as hydrolytic media [23]. DES based on
p-toluenesulfonic acid–choline chloride also produced high-quality crystals, maintaining
the functional groups of chitin during the process [22].

2.2. Oxidation Method

In essence, there are two main methods, 2,2,6,6-tetramethylpiperidin-1-yloxyl (TEMPO)-
mediated oxidation and ammonium persulfate (APS) oxidation [10]; both methods enable
the oxidation of hydroxyl groups into carboxylic form together with the formation of
nanocrystals, which improves the dispersibility in water and transparency.

TEMPO-mediated oxidation is one of the most employed methods for producing
chitin nanocrystals, as it can be performed in milder and better controlled conditions than
acid hydrolysis, leading also to higher yields [24]. The degree of deacetylation of chitin is
modified to a low extent during the oxidation process, while the hydroxyl groups at the C6
position of chitin are selectively oxidized to carboxyl groups. Ultimately, in this method,
TEMPO and co-oxidants are required. Common systems such as TEMPO/NaClO/NaBr
and TEMPO/NaClO2/NaClO systems are mainly used (Figure 3). In the method published
by Fan et al. [24], chitin is suspended in an aqueous solution at pH 10 containing TEMPO
and NaBr; then, NaClO is added to initiate the reaction at room temperature, maintaining
the pH at 10. The reaction is ended by adding ethanol to the mixture when no consumption
of the alkali is observed. The pH is adjusted to 7, and the sample is centrifuged and washed
several times. Typically, a sonication process is required. Under these alkaline conditions,
depolymerization and other side reactions occur to some extent. On the other hand,
Pang et al. [25] used a TEMPO/NaClO2/NaClO system under weakly acidic conditions
(pH = 6.8) at 60 ◦C to prevent such undesired reactions (Figure 3).
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Figure 3. Schematic representation of TEMPO-mediated oxidation under alkaline and acidic conditions.

In addition to these common strategies, the O2/laccase/TEMPO oxidation system has
been applied for the preparation of chitin nanocrystals at pH 6.8 at 30 ◦C [26]. This system
can successfully and selectively oxidize the C6-hydroxyl groups to C6-carboxyl groups,
with a limited deacetylation reaction and good quality of crystal dimensions and shape.

In the APS oxidation approach, ammonium persulfate is employed as a strong oxi-
dizing reagent with low toxicity and high solubility in water. APS is decomposed with
temperature, i.e., 60–75 ◦C, into hydrogen sulfate (HSO−

4 ), hydrogen peroxide (H2O2), and
free radicals (SO−

4 ) [27], causing hydrolysis and the oxidation of C6 to carboxyl groups.
Since this oxidation is stronger than that mediated by TEMPO, higher carboxyl content
is obtained and the amino groups can be also oxidized to nitro groups [28]. In a typical
procedure, chitin is added to an aqueous solution of APS (1 M) under stirring at 60–75 ◦C for
around 16 h. The reaction is stopped by adding water and the mixture is centrifuged several
times for purification. As in previous methods, a sonication step is usually needed [29].

2.3. Mechanical Treatment

This treatment is mainly based on a mechanical shear force applied by an ultrasonic,
grinding, high-pressure water jet system, or high-pressure homogenization, with the aim of
separating chitin microfibers. Usually, such treatments are combined with other treatments,
since, in general, the nanocrystals obtained by mechanical treatments retain some of the
amorphous regions. In contrast to hydrolytic methods, in which there is a transversal cleav-
age through the amorphous domains, the mechanical forces provide the cleavage along
the fibers; thus, a much larger aspect ratio can be produced. Ultrasonication is probably
the most popular mechanical treatment and is also applied as the last step in the chemical
approaches described above [30,31]. Such treatment is able to break the inter-fibril hydro-
gen bonds, leading the formation of nanomaterials. The time of application and intensity
of the ultrasound have an important effect on the size, morphology, and properties of the
fibers [32,33]. However, in chitin samples with high crystallinity and greater intermolecular
interactions, ultrasonication alone is not able to disintegrate the fibers [34]. Ultrasonication
has been applied after previous deacetylation of chitin, which facilitates the destruction of
the interactions by electrostatic repulsion [35]. High-pressure homogenization is another
mechanical treatment successfully employed for chitin nanocrystal preparation. In this
approach, the aqueous suspension of chitin under high pressure (100–150 MPa) produces
strong shears, cavitation, and impact effects, leading to the formation of thin fibers [36–39].
This technique produces nanofibers with a large aspect ratio and narrow diameter dis-
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tribution. Likewise, high-pressure water jet systems are used to treat fibers and achieve
nanometric diameters [40,41]. Moreover, chitin nanofibers can be obtained by a simple
grinding process, typically at a rotation speed of 1500 rpm, using −1.5 as the gap height,
although acidic conditions are necessary to increase electrostatic repulsions and facilitate
the disintegration [42–44].

3. Surface Functionalization by Chemical Modification

Surface and chemical modification of ChNCs can impart new and specific properties,
expanding the potential applications of these materials. The surfaces of ChNCs comprise
reactive groups, namely hydroxyl, acetamide, and amine groups, available for modification
(Figure 4) [45].

Figure 4. Schematic representation of some of the most used chemical modification reactions of
chitin nanocrystals.

Above all, the most obvious and employed surface modification of chitin nanocrystals
is the deacetylation reaction of acetamide to increase the presence of amine groups on the
surface, affording chitosan nanocrystals [4]. The amine groups, which lead to a more posi-
tively charged surface, confer improved dispersibility in polar solvents and antibacterial,
antifungal, and antioxidant properties to the nanocrystals [46,47]. Moreover, this deacety-
lation process, leading to larger amounts of amine groups, could be the first step in the
successive chemical modifications of the amine groups—for instance, by alkylation, quater-
nization, or grafting, among others. However, only a few investigations have been carried
out so far on chitin/chitosan nanocrystals. Initial approaches to the deacetylation of chitin
nanocrystals and preparation of chitosan nanocrystals used strong basic media, which
normally causes a molecular weight reduction. Moreover, these severe conditions typi-
cally lead to the destruction of the nanorod morphology and the nanocrystalline structure.
Chirachanchi et al. [48] first studied the deacetylation reaction of chitin nanocrystals using
a concentrated aqueous solution of NaOH (40% w/v) at a high temperature (100 to 180 ◦C)
for a long period of time. Although a high degree of deacetylation (DDA) was achieved, up
to 98%, drastic changes in the crystallinity and morphology took place during the process.
Milder conditions were explored by other groups in order to preserve the crystal structure.
Hsieh’s group [49] described deacetylation in basic media at a low temperature of 50 ◦C.
Under these conditions, a 40% DDA was reached, while the crystal structure was changed
only to a low extent. It seems that this milder treatment provides the chemical modification
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of the nanocrystal surface and only the surfaces of the ChNCs were deacetylated [50].
Recently, other strategies have been developed with the purpose of obtaining chitosan
nanocrystals by the deacetylation reaction. Lam et al. [51] incorporated 10% (w/w) NaBH4
into an aqueous solution of NaOH to prevent depolymerization and nanorod degradation.
This reaction, carried out at 117 ◦C for 18 h, provided crystalline nano-rod shaped particles
with a DDA above 80%. This group also investigated a solid-state aging process starting
from chitin nanocrystals, which afforded good results and a high degree of deacetylation at
the surfaces of the nanorod crystals [52].

On the other hand, hydroxyl groups present at the surfaces of chitin nanocrystals also
offer the possibility of chemical modification through various reactions, mainly with the
aim of reaching a reduction in the surface energy by introducing hydrophobic groups [53].
These modifications, in contrast to the deacetylation reactions, improve the dispersibility
in nonpolar solvents, and the adhesion and compatibility within hydrophobic matrices
in composite materials, and they reduce hygroscopicity. For instance, in a recent publi-
cation, ChNCs have been functionalized with thiol groups by a sequence of hydrolysis
and co-condensation reactions of tetraethyl orthosilicate (TEOS) and (3-mercaptopropyl)
trimethoxysilane. Subsequently, fluorinated long chains were incorporated through a thiol-
ene click reaction, leading to superamphiphobic ChNCs [54]. The surface properties of
ChNCs have been also modified through the hydroxyl groups by a coupling reaction with
phenyl isocyanate, alkenyl succinic anhydride, and 3-isopropenyl-α,α‘-dimethylbenzyl
isocyanate, leading to a reduction in the surface energy. These modifications provide better
compatibility when nanocrystals are added in a natural rubber matrix as the particle–matrix
interactions increase [55]. In another publication related to the preparation of polymer
composites, ChNCs were modified by various types of silane coupling agents with different
lengths in order to regulate their surface properties and improve the particle–polymer
interactions in the poly(hydroxy butyrate) (PHB) matrix and, thus, the performance of the
composite materials [56]. The acylation of chitin nanocrystals using, for example, acetic
anhydride or dodecanoyl chloride acid is also a simple method to improve the compatibility
with common thermoplastic matrices such as poly(lactic acid) (PLA) [57]. The primary
hydroxyl group at the C6 position of chitin nanocrystals can be also selectively oxidized to
carboxylic groups to produce carboxylated ChNCs. As described in the previous section,
this oxidation reaction is directly obtained during the synthesis of chitin nanocrystals by
the oxidation method using TEMPO [58] or other oxidation agents such as ammonium
persulfate [51]. The presence of carboxyl groups enhances the aqueous dispersibility of
the crystals and makes them amenable to conjugation or further chemical reactions. For
instance, carboxylated ChNCs oxidized by TEMPO were simultaneously conjugated by
means of EDC/NHS chemistry with a fluorescent imidazoisoquinolinone dye and with
carbohydrate ligands both carrying amine groups. The resulting functional nanomaterials
demonstrated biorecognition properties with lectins and bacteria [59].

In addition to the chemical modification of chitin nanocrystals through their functional
groups, other strategies have been followed to functionalize the surfaces of ChNCs. Mussel-
inspired catecholic chemistry was used to modify chitin nanocrystals by coating with a
polydopamine layer, which provided adhesion properties; it can also act as a reducing
agent for the formation and immobilization of silver nanoparticles (Ag NPs) [60].

4. Development of Biocomposite Films Based on Chitin Nanocrystals

The development of nanocomposite films has great technological potential in diverse
areas; however, the use of inorganic fillers has a high carbon footprint, environmental
effects, and, in many cases, a lack of biocompatibility. For this reason, biomass-derived
nanofillers, including chitin nanocrystals and nanofibers, have great advantages from these
perspectives. Chitin nanofibers have been introduced in (meth)acrylic resins to improve
their transparency and also mechanical and barrier properties [61–65]. In spite of these
facts, the main drawback is their matrices, which are fossil-fuel-dependent and are not
biodegradable. Therefore, in this work, we have focused on the use of chitin nanocrystals in



Coatings 2022, 12, 144 7 of 17

biobased or natural polymeric materials and therefore on the preparation of biocomposite
films for biomedical and environmental applications.

The main challenge of using ChNCs as nanofillers in composites is to address their
strong tendency to aggregate, which limits the processing and the final properties of the
composite. The preparation of biocomposites based on chitin nanocrystals is mainly per-
formed via a solution casting method; then, adequate dispersibility is essential for the
successful generation of homogeneous composites. Typically, the complete characteri-
zation of the ChNCs and their interparticle and particle–solvent interactions is needed
before the preparation of biocomposite films, including morphological analysis by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM), measurement of the surface charges by zeta potential, and rheolog-
ical studies. As mentioned before, chitin nanocrystals are usually chemically modified
in order to improve the dispersibility and compatibility with the biopolymeric matrix in
the preparation of composites. For instance, chitin nanocrystals were modified to graft
poly(3-hydroxybutirate-co-3-hydroxyvalerate) (PHBV) [66] before incorporation into neat
PHBV. The researchers expected a positive effect on the crystallization of PHBV, as ChNCs
have attracted significant attention as nucleating agents. However, the crystallization
was hindered by the incorporation of chitin nanocrystals, a fact that was attributed to
the presence of intermolecular hydrogen bonds between the carbonyls of PHBV and the
unmodified hydroxyl groups still at the surface of the nanocrystals. In a subsequent work,
these authors treated nanocrystals with glacial acetic acid to replace hydroxyl groups with
acetyl groups on the surfaces of the chitin nanocrystals [67]. Then, PHBV/ChNCs films
with various chitin nanocrystal concentrations (from 1.0 to 5.0 wt%) were prepared via a
solution casting method in chloroform. In this case, the intermolecular hydrogen bonds
were considerably reduced and the crystallization of PHBV was favored concomitantly
with an enhancement in mechanical properties. Very recently, the crystallization behavior
of PHB was also analyzed in the presence of unmodified and modified chitin nanocrystals
with sulfhydryl silane and amino silane [56]. Films were also produced by solvent casting
using chloroform as a solvent, followed by a subsequent compression molding step at
190 ◦C under 10 MPa to further remove residual solvents. The amino silane modifica-
tion was found to be more effective in improving the compatibility between ChNCs and
PHB, which seriously affects the nucleating activity in comparison with the unmodified
nanocrystals. Nevertheless, this modification helps to reduce the occurrence of cracks in
the nanocomposite.

When ChNC is blended with water-soluble polymers, its dispersibility in water needs
to be improved. TEMPO-oxidized chitin nanocrystals, with improved dispersibility in
water, were blended with chitosan in a weight percentage of 10:90, also using 1 wt% of
curcumin [68]. The components were dispersed in an aqueous solution by ultrasonic and
stirring treatment, before pouring the mixture into a petri dish and drying. It was clear
that the resulting nanocomposite films had better mechanical properties than chitosan
with or without curcumin films. The shear viscosity is strongly dependent on the amount
of oxidized chitin nanocrystals, increasing when the nanocrystal content rises to reach a
specific amount (~10–15%), from which it starts to decrease. Moreover, the water vapor
permeation of these composites decreases with the increment in nanofiller. On the contrary,
the transparency is negatively affected by their incorporation. Very recently, curcuma oil
was added to chitosan with chitin nanocrystals [69] and the resulting nanocomposites
presented, likewise, enhanced mechanical properties and hydrophobicity, while their water
solubility and moisture content decreased. Moreover, they provide a barrier to UV light,
with excellent antioxidant properties and halochromic capacity to both pH and volatile
ammonia changes. Surface-deacetylated chitin nanofibers were also used to reinforce
chitosan films [70]. The incorporation of a nanofiller increases the transparency, Young’s
modulus, and tensile strength. Moreover, the thermal expansion significantly decreases and
inhibits the spore germination of Alternaria alternata fungi. These chitin nanofibers were also
blended with glycerol in different ratios [71]. The plasticizing effect of glycerol provoked
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a decrease in Young’s modulus and tensile strength but an increase in the fracture strain
was appreciated, which was dependent on the glycerol content. Moreover, the composites
maintained their transparency and low thermal expansion. Chitin nanocrystals were also
used as a reinforcing material in electrospun chitosan/polyethylene oxide-based randomly
oriented fiber mats obtained from aqueous acetic acid [72]. The 50 wt% nanocrystal incor-
poration provoked an improvement in the moisture stability and facilitated crosslinking
processes with genipin. The tensile strength and modulus were higher in the reinforced
and crosslinked mats than unreinforced and uncrosslinked materials.

Chitin nanofibers with either a low or high degree of acetylation were blended with
cellulose nanocrystals by the solution casting of aqueous suspension mixtures [73]. The
nanocomposites had oxygen permeability that was an order of magnitude lower than
nanocrystalline cellulose films. Nanowhiskers of chitin were introduced in another widely
used natural polymer, gelatin, to improve its mechanical properties, such as hardness,
stress at fracture, fracture strain, and recovery properties (gelatin is a thermo-sensitive
network) [74]. The addition of a low amount of ChNCs, up to 1%, led to the formation of a
rigid, dense network due to the presence of hydrogen bonding and electrostatic interactions,
providing better stability under high salt concentrations or a strongly acidic environment.
Chitin nanowhiskers were introduced into carboxymethyl chitosan and dextran dialdehyde
to create Schiff base crosslinking hydrogels [75]. As happened before, the incorporation
of nanocrystals produced a short gelation time, increased the compressive stress, and also
reinforced the bonding efficacy.

Another natural polymer, carrageenan, was used as a matrix for nanocomposite
films [76]. Carrageenan/ChNC nanocomposite films with different concentrations of chitin
nanocrystals (3, 5, and 10 wt%) were prepared using the solvent casting method. The
resulting materials were smooth and flexible, improving the tensile strength and modulus.
However, the elongation at break, water vapor permeability, and transparency decreased
slightly with respect to the matrix alone.

Solvent casting has been also employed to prepare layers of chitin nanocrystal on
surfaces. PLA films were successfully coated with cationic chitin nanofibers and anionic cel-
lulose nanocrystal suspensions using layer-by-layer deposition through spray coating [77].
The multilayer material presented lower oxygen permeability and lower water vapor trans-
mission than those coated with chitin nanofibers or cellulose nanocrystals alone. TEMPO-
oxidized α-chitin nanowhisker, a partially deacetylated α-chitin nanowhisker/nanofiber
mixture, HCl-hydrolyzed chitin nanowhisker, and squid-pen α-chitin nanofiber solutions
were also coated with an aqueous solution on plasma-treated (i.e., surface-hydrophilized)
PLA films [78]. They presented similar values for oxygen permeability but, in the case
of deacetylated nanofiller, the tensile strength, Young’s modulus, and light transmittance
were higher than in the other nanocomposites. In contrast, when the squid-pen α-chitin
nanofiber was incorporated, it presented the lowest values.

Although commonly used, the solvent casting method is difficult to upscale and, in
many cases, organic solvents are required when non-water-soluble polymers are used
as the matrix. Therefore, other processing methods have been evaluated. Composites
based on ChNCs have been also prepared by melt extrusion and compression processes;
therefore, previous thermal characterization of the ChNCs is typically needed. In some
cases, such processes were performed from mixtures previously prepared in solution and
dried. For instance, PLA composites were prepared from modified chitin nanocrystals
with anhydride acetic and posterior dodecanoyl chloride acid [57]. This modification
improved the compatibility and almost maintained the crystalline characteristics, and
did not produce negative effects on the mechanical properties. Melt compounding via
liquid-assisted extrusion has been also employed to prepare biocomposites of PLA and
ChNCs. Nanocrystals were also incorporated into PLA with triethyl citrate plasticizers
in weight percentages of 1:79:20, and their effects on the crystallization behavior and the
properties of PLA were analyzed [18]. The good dispersion of nanocrystals and their
nucleating effect improve the water and oxygen barrier properties of PLA. Moreover, they
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cause the PLA hydrolytic degradation to take place faster than without nanocrystals. The
chitin nanofillers were also incorporated into thermoplastic starch by melt mixing [37].
The nanocomposites exhibited better thermal stability, mechanical properties, and storage
modulus than thermoplastic starch alone. In this case, the crystal structure of chitin
is maintained and it seems that the nanofillers act as nucleating agents and favor the
retrogradation process of thermoplastic starch.

5. Applications of Bioactive Composite Films Based on Chitin Nanocrystals

Owing to the attractive properties of chitin nanocrystals and the emergence and evolu-
tion of sustainable development, these nanomaterials are gaining increasing interest in a
multitude of applications, particularly in biomedicine, agricultural and food applications,
water treatment, and catalysis [4,51,79]. Above all, chitin nanocrystals are attracting partic-
ular importance for the preparation of bioactive films, mainly due to their biocompatibility,
biodegradability, antifungal or antibacterial properties, and their multiple functionalities
available for bioconjugation. Moreover, their crystallinity provides enhanced mechanical
properties, such as high stiffness and strength, and barrier properties. In this section, we
discuss the potential applications of chitin nanocrystal-based bioactive films.

5.1. Antimicrobial and Antifouling Films

Microbial adhesion, especially bacterial adhesion to the surface, followed by bacterial
growth and colonization, can form complex multicellular communities, known as biofilms,
which are very difficult to treat [80]. The control of biofilm infections on the surfaces
of medical devices, biomaterials, and implants is essential as the infections acquired in
hospitals are mainly associated with infected material surfaces [81,82]. Currently, there is
an increasing demand for the development of coatings able to prevent infections, not only
in biomedical applications but also in other areas, such as cosmetics, water treatment, and
food packaging applications [83–85]. Due to their antibacterial and antifungal properties,
chitin and chitosan nanocrystals have been extensively studied for the preparation of
antimicrobial films, fabrics, and textiles. The antimicrobial activity of chitin and chitosan
nanocrystals is ascribed to charged amine groups that can strongly interact with negatively
charged sites on the cell walls of microorganisms, provoking the disruption and perme-
ability of the membrane and the leakage of intracellular content, and finally cell death.
However, negatively charged carboxylic groups could screen the positively charged groups
and reduce the antibacterial effect [86]. Nevertheless, the nanocrystals also diminish cell
adhesion and can delay the growth of microorganisms [87].

Chitin nanocrystals have been extensively evaluated as antimicrobial components of
packaging films. For instance, ChNCs have been incorporated into biobased PLA films
to impart antifungal activity and develop sustainable packaging films [57]. The resulting
bioactive nanocomposite films were tested against Aspergillus niger, which is one of the most
common molds contaminating foods, demonstrating a considerable decrease in the fungal
activity of the films. ChNCs have been used in other biobased polymer films, e.g., maize
starch films, with the purpose of prolonging the shelf-life of packaged foods [14]. In this
case, in addition to antimicrobial properties, the ChNCs (0.5–5 wt%) provided higher tensile
strength, higher thermal properties, and lower water vapor permeability. The nanocompos-
ite films showed strong antimicrobial activity against Gram-positive Listeria monocytogenes.
Polypropylene and poly(ethylene terephthalate) films are still commonly used in food
packaging due to their outstanding properties. In recent publications, their properties
have been improved by coating layers of biorenewable nanocelullose and nanochitin films
through layer-by-layer (LbL) deposition [88,89]. The resulting films exhibited transparency
and excellent gas barrier properties towards oxygen and water vapors. Related to their
antimicrobial properties, the incorporation of chitin nanocrystals limited bacterial adhesion,
as tested against Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus or
Bacillus subtilis. This bacterial growth inhibition was affected principally by the content of
nanochitin, although mildly inhibited bacterial growth on the surface was also observed
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in films coated with nanocellulose, which was attributed to the repulsion of the bacterial
membrane by the negative charges of nanocellulose, which limit the settlement of bacteria
on the surface.

Antimicrobial films based on chitin nanocrystals have found applications also in water
filtration systems, mainly made from non-woven fabrics and fibers. Core–shell nanofibers
with PLA as the core and polyacrylonitrile/chitin nanocrystals as the shell were prepared
by coaxial electrospinning and tested as microfiltration membranes [90]. The composite
membranes with chitin nanocrystals were superhydrophilic due to the positive charges
of the crystals, in contrast to the hydrophobic PLA core, and demonstrated much higher
antimicrobial activity against E. coli, and resistance to bacterial colonization and biofilm
formation. These results suggest that the high hydrophilicity of membranes with ChNCs,
together with the presence of positively charged groups able to impair cell membranes,
would be the factors explaining the low bacterial colonization and biofilm formation.
Bioactive electrospun fibers for water treatment applications can be also prepared by a
two-step process. Cellulose non-woven fabrics were coated with chitin nanocrystals by
casting to prepare microfiltration membranes for water purification [91]. The ChNC coating
provided a positive charge to the surface, improving its hydrophilicity and wettability, and
thus imparting antimicrobial and antifouling activities. Likewise, electrospun cellulose
acetate mats were surface-coated with ChNCs via Buchner funnel filtration [92]. Figure 5
displays SEM images of the cellulose acetate mats coated with ChNCs, in which it is
clearly shown that the ChNC coating on the fibers was highly homogeneous. The resulting
membranes presented significant resistance to colonization by E. coli, with a 87.7% decrease
in biofilm formation after 24 h of incubation. The formation of a biofilm involves several
steps, with the initial adhesion of bacterial cells to a surface, which is affected by various
physico-chemical factors, including hydrophobicity and surface charge. Although the
surface coated with ChNCs presented less negative charges, and then less electrostatic
repulsion with the negative surface charge of the bacterial outer membrane, the bacterial
colonization is considerably reduced in comparison with uncoated mats. In the images
displayed in Figure 5, one can observe this decrease in the biofilm formation, as well as a
high number of nonviable and dead bacterial cells.

Chitin nanocrystals’ surface functionalization of polyvinylidene fluoride (PVDF) mem-
branes also improves drastically the surface hydrophilicity and roughness, and conse-
quently enhances their antifouling performance [93]. In effect, the roughness is a crucial
factor affecting the wettability of the surface and the bacterial adhesion, in addition to
the chemical surface composition and charge [94]. The needle-like morphology of ChNCs
can provide hierarchical macro-/nanostructured surface coatings, increasing the surface
roughness and modulating the surface wetting properties, with the purpose of fabricating
antifouling coatings [54].

The development of antibacterial textiles for medical and hygienic products such
as wound dressing is another area that has drawn attention to chitin nanocrystals as
antimicrobial agents [95]. For instance, chitin nanofibers have been used for the preparation
of antibacterial finishing cotton fabrics. In comparison with chitosan-treated cotton fabric,
the fabrics treated with ChNCs showed higher antibacterial activity against S. aureus
bacteria, which was attributed to the better compatibility between the cotton fabric and
ChNCs [33]. Antibacterial finishing of cotton textiles has been also performed by using
chitin nanocrystals as carriers of antibiotics, e.g., methylparabens. The resulting coating
demonstrated good activity for at least 20 washing cycles [96].
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Figure 5. Scanning electron microscopy (SEM) images of electrospun cellulose acetate fibers alone
(a) and coated with ChNCs (b). Fluorescent images of E. coli CECT 516 bacteria on surface cellulose
acetate fibers alone (c) and coated with ChNCs (d) after 24 h of biofilm incubation and live/dead
staining (green: live cells; red: dead cells). Adapted from Ref. [92]. Copyright 2016 Elsevier.

5.2. Pickering Stabilizers

Pickering emulsions, in which particles stabilize emulsions, have gained increasing at-
tention in coating applications. Compared to conventional surfactants, Pickering stabilizers
provide better long-term stability, irreversible adsorption at interfaces, and prevent droplet
coalescence and, therefore, a minimal amount of stabilizer is typically required. This is
important as the residual surfactant often induces negative effects on the final coatings,
such as low brightness, water sensitivity, or low resistance. Due to these excellent proper-
ties, Pickering emulsions are promising systems for the development of green waterborne
solvent-free coatings prepared by the emulsion of binders in water. Chitin nanocrystals
have been proposed as biocompatible and biodegradable Pickering stabilizers [97–99] with
other advantages, such as a large specific surface and rich surface chemistry, available
for a wide range of chemical surface modifications. These Pickering stabilizers have been
employed to form biocomposite films for environmentally friendly products, cosmetics,
and healthcare [17,35,100,101].

5.3. Tissue Engineering

Tissue engineering aims to repair and regenerate damaged biological tissues and
materials and must combine some requirements, such as biodegradability, high porosity,
biocompatibility, mechanical properties, and biologically active molecules that promote cell
adhesion and proliferation. Chitin nanocrystals have great potential in composite materials
for this application as they fulfill many of the needed properties [17,102]. As commented
above, ChNCs can be employed as filling materials for reinforcing polymeric materials,
and have gained particular attention in tissue engineering due to their non-toxicity, bio-
compatibility, and biodegradability. In principle, chitin materials could be considered poor
substrates for cell attachment as they lack cell recognition signals. Nevertheless, ChNCs
can provide to the scaffolds bioactivity through their unique chemical characteristics, which
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could promote cell attachment and spreading, including human osteosarcoma, osteoblast,
fibroblast, mesenchymal stem, and keratinocyte cells [103–107]. Different parameters affect
cell spreading, such as surface free energy, surface chemistry, and charge, among others.
Cells have negative charges and adhere more strongly to substrates with cationic groups.
Thus, the inhibitory or stimulatory effects of ChNCs on cells’ adhesion might depend on
the different chemical composition, i.e., degree of deacetylation [108–110]. It was shown
that a high degree of deacetylation provides strong cell adhesion (e.g., in fibroblasts) [109],
whereas low degrees lead to low adhesion—for instance, in human fibroblast or human
mesenchymal stem cells (HMSCs) [108,109]. Moreover, cell adhesion to biomaterials may
depend on the absorption of different proteins on the surface, such as collagen, which can
be also mediated by the surface chemistry, e.g., electrostatic interactions [111]. To promote
this, the functional groups present in chitin and chitosan nanocrystals can be accessible for
the conjugation of cell-adhesive compounds such as peptides or proteins [108]. Roughness
is another factor that also could influence cell adhesion. In a composite scaffold of chitosan
with 20% of ChNCs, the increased viability of MC3T3-E1 osteoblast cells was observed after
a few days and was attributed to the increase in the surface roughness by the incorporation
of the crystals [103]. The mechanical properties of substrates may affect cell spreading as
well. In silk fibroin films, the strong enhancement of the cell spreading by the incorporation
of ChNCs was attributed to the associated increased in rigidity [105].

5.4. Adhesives

Chitosan nanocrystals have been also explored for the development of new adhesives
for biomedical applications due to their biocompatibility and biodegradability. Chitin
nanocrystal aqueous suspensions have demonstrated high adhesive strength and good
performance as eco-friendly and water-based adhesives [112]. During water evaporation,
a long-range ordered structure is formed by the self-assembly of nanocrystals in parallel
alignment nanoparticles, leading to high internal cohesion and adhesion between surfaces
by van der Waals forces, capillary adhesion, and hydrogen bonding. This orientation results
in higher adhesion in-plane, in comparison with the out-of-plane adhesion, which provides
reversibility (Figure 6a). Xu et al. [113] incorporated ChNCs into a citrate-based tissue
adhesive to evaluate its effects on the adhesion properties. ChNCs, well dispersed in the
adhesive, improved the bulk cohesion by extra crosslinks, e.g., hydrogen bonds, as well
as other chemical interactions through the carboxylic and amine groups (Figure 6b). As a
result, the tensile strength and the modulus of the cured adhesives increased, while the
elongation was not affected. The incorporation of ChNCs also lowered the swelling ratio,
which reduces the medical complications associated with in vivo conditions

Figure 6. Schematic illustrations of the proposed mechanism of (a) adhesive effect of ChNCs (adapted
with permission from Ref. [112]. Copyright 2021 American Chemical Society) and (b) of improved ad-
hesion caused by incorporation of ChNCs on citrate-based tissue adhesive (adapted with permission
from Ref. [113]. Copyright 2018 Elsevier).
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6. Conclusions and Remarks

ChNCs have demonstrated great potential in the fabrication of bioactive films and
coatings due to their unique properties. Recently, research efforts have been directed
towards the development of biobased polymeric materials due to the increasing demand
for sustainability and environmental safety. Therefore, the use of environmentally friendly,
biodegradable, and biocompatible fillers for the preparation of composite films has gained
significance in the last few years. Cellulose nanocrystals have been, so far, the biobased
nanomaterials that have received the most attention, in terms of the number of publications
and applications. However, due to their rich chemical functionalities, ChNCs are proposed
as substitutes for cellulose nanocrystals in many uses, and their applications could be
extended to other fields. These unique functionalities and their biological activities, such
as antibacterial and antioxidative actions, have attracted the attention of researchers for
the preparation of biological functional films and coatings with applications in medicine,
the food packaging industry, and cosmetics. Despite the progress that has been made in
the application of ChNCs in biocomposite films, many challenges still exist. The synthetic
method, chemical modification reactions, and purifications have a strong influence on the
morphology and surface chemistry of the crystals and thus on the final properties of the
ChNCs. Therefore, good control of these processes is essential to achieve nanomaterials
with specific and enhanced properties. The incorporation and dispersibility of the nanocrys-
tals in the polymeric matrix are also crucial to achieve improved performance. Current
research is focusing on addressing the agglomeration problems of ChNCs and their compat-
ibility with the polymer matrix, as well as reducing degradation during the production of
composites, mainly by surface modification treatments and physical dispersion strategies.
In addition, more efficient, sustainable, and low-cost synthetic methods such as the use of
deep eutectic solvents need to be further explored in the future to translate the success at
lab scale to large-scale industrial production.
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