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Preface to “Advances in Chitin/Chitosan
Characterization and Applications”

Chitin is an aminopolysaccharide that is widely abundant in the biosphere. Chitin is obtained
at an industrial scale from different sources of biomass and food waste (e.g., crustacean and insect
exoskeletons, fungi cell walls, and squid pen). Chitosan derived from chitin is water-soluble in acidic
conditions and has been used in numerous applications, especially in the biomedical, pharmaceutical,
agricultural, and food industries. One of the major remaining issues that has precluded the wider
use of chitosan is the difficulty in obtaining a complete and accurate characterization of samples,
including the quantities and distribution of the acetyl groups along the chains, the molecular weight
distribution, and the choice of a suitable solvent for dissolution. This knowledge allows for assigning
a suitable chitosan to fit a given function. Another important issue is the preparation of well-defined
derivatives by chemical methods, allowing for a random distribution of the substituents (or grafted
chains) along the chains to afford polymers with reproducible properties for specific applications.

Many products developed from chitin/chitosan research are innovative biomaterials that are
comprised of well-defined chitin and chitosan samples, including films, fibers, nanoparticles,
composite materials (involving fibers, solid particles, etc.), hydrogels, polymeric complexes,
nanoporous scaffolds, and membranes. The wide range of applications encompass scaffold
biomaterials (e.g., in tissue engineering or regenerative medicine), non-viral gene delivery systems,
nano- and microparticles for biological transmucosal delivery, fruit and vegetable coatings,
biosensors, matrices for water purification, and novel antimicrobials. This Special Issue presents
an updated series of papers addressing some of these applications, including the chemical and
enzymatic modifications of oligos and polymers. A better understanding of the properties that
underpin the use of this large family of biopolymers in different fields is key to stimulating more
extensive industrial utilization, as well as to aid regulatory agencies in establishing specifications,
guidelines, and standards for different types of products and applications.

We are extremely grateful to Polymers and to all the contributing authors for giving us the
opportunity to materialize this project.

Marguerite Rinaudo, Francisco M. Goycoolea
Special Issue Editors

xi
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Abstract: The functionalization of polymeric substances is of great interest for the development
of innovative materials for advanced applications. For many decades, the functionalization of
chitosan has been a convenient way to improve its properties with the aim of preparing new
materials with specialized characteristics. In the present review, we summarize the latest methods
for the modification and derivatization of chitin and chitosan under experimental conditions, which
allow a control over the macromolecular architecture. This is because an understanding of the
interdependence between chemical structure and properties is an important condition for proposing
innovative materials. New advances in methods and strategies of functionalization such as the click
chemistry approach, grafting onto copolymerization, coupling with cyclodextrins, and reactions in
ionic liquids are discussed.

Keywords: chitin; chitosan; derivatization; controlled functionalization; click chemistry; graft
copolymer; cyclodextrin; dendrimer; ionic liquids

1. Introduction

Polysaccharides are widely found in the biosphere, fulfilling various important functions in living
organisms, such as energy storage and structural materials, among others. Cellulose and chitin are
the most abundant natural polymers in nature. However, chitin has very few applications compared
to cellulose. This is for several reasons, including the scarce natural structures of chitin that are
available to be used with low processing and the poor solubility properties of this polysaccharide.
Therefore, most of the obtained chitin is processed by extensive alkaline deacetylation to obtain chitosan.
This amino-polysaccharide is composed of 3(1—4) linked units of N-acetyl-D-glucosamine and
D-glucosamine (Figure 1). Due to its key properties such as its biodegradability and biocompatibility,
and its being mucoadhesive and non-toxic, chitosan is of great interest in many applications such as
biomedicine, pharmacy, biotechnology, food industry, nanotechnology, etc. [1-7].

One constant topic in materials research is the modification of natural polymers, which results in
the development of new derivatives with unique properties. There is a great variety of methods to
modify polysaccharides. Chitosan is prone to chemical modification at free amino groups from the
deacetylated units at C-2, and hydroxyl groups at C-3 and C-6 positions [2]. Commonly, the chemical

Polymers 2018, 10, 342; doi:10.3390/polym10030342 1 www.mdpi.com/journal/polymers
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derivatization of chitosan is carried out to improve some specific characteristics, such as solubility,
hydrophilic character, gelling properties, and affinity toward bioactive molecules, among others [8].

PH OH
- -0 - -0
HO. 0 HO o,
NH l,,”’ NH "’ll’
2
o——¢C
A B
CHy

Figure 1. Chemical structure of chitosan composed of p(1—4) linked units of (A)
N-acetyl-D-glucosamine and (B) D-glucosamine.

Chemical modification of chitosan is usually done in bulk, giving rise to randomly reacted units.
When specific new functionalities are pursued, other approaches are preferred in which the reactions
can be controlled stoichiometrically. In this scenario, polymer science is taking advantage of diverse
strategies to design new polymer-based hydrogels, drug and gene delivery systems, scaffolds for
tissue engineering, toxic substance, mineral chelation, and materials for the electronics and aerospace
industry, among others. For example, introducing lipophilic or hydrophilic molecules to chitosan may
result in altering or improving its properties, such as solubility in acidic solution or organic solvents,
improving thermal and mechanical properties and others [9].

There are previous reviews covering important and specific aspects of the chemical modification
of chitin and chitosan [10-16]. In the present paper, we aim to review and analyze recent developments
found in literature dealing with the chemical modification of chitin and chitosan, with emphasis on
proposed methods to obtain chitosan derivatives with a controlled macromolecular architecture. An
understanding of the interdependence between chemical structure and properties is an important
condition for proposing innovative materials.

Some aspects of the chemistry of these polysaccharides (and their modification conditions) could
have an impact on the properties of the products and should be taken into account:

1. Chitin and chitosan are, in fact, a family of polymers, differing in terms of not only the molecular
weight and extent of acetylation but also in the dispersion of the degree of polymerization and
the distribution of the acetylated and deacetylated units along the polymer chain. All these
parameters will depend mainly on the natural source and isolation processes. Therefore, it is
very important to know these intrinsic characteristics, as far as they shall affect the properties of
the derivatives.

2. Due to their insolubility in certain solvents (particularly chitin), some chemical reactions are
carried out under heterogeneous conditions. This will have a determinant influence on the
structure of the obtained derivatives. Using words from Kurita, “reactions under heterogeneous
conditions are usually accompanied by problems including poor extents of reaction, difficulty in
regioselective substitution, structurally ununiformly products, and partial degradation due to
severe reaction conditions” [1]. Nowadays, these drawbacks could be circumvented using some
novel solvent systems like ionic liquids. This topic will be revised herein as well.

3. Usually, non-selective chemical derivatization could lead to the development of products with an
irregular distribution and uncontrolled growth of the substituent groups in the main chain, or
undesired depolymerization of the polysaccharide.

4. Although chitosan presents valuable functional groups for derivatization reactions, often it is
necessary to obtain some precursors to facilitate subsequent reactions or, in other cases, to protect
the reactive amine in order to favor the chemoselectivity of the modification. Due to their frequent
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use in chitosan functionalization processes, we will first refer to those reactions whose use is
more or less recurrent under diverse experimental conditions.

1.1. Some Frequent Reactions in Chitosan Chemistry

There is a group of organic reactions, whose use in chitin chemistry is recurrent, due to their
experimental simplicity, and because their products can be used as a kind of wildcard during other
chemical modification strategies. These reactions provide the researcher with valuable tools for
specificity control and the regioselectivity of the functionalization, with minimal possibilities of side
reactions or chain degradation. Herein, we will only make a brief summary of them, and the reader
can get more details in other excellent reviews and compilations [1,10,17-20].

Among these reactions, the following will be frequently used: (i) formation of Schiff bases
(and reductive amination). It refers to the formation of imine products between amine and
carbonylic (aldehydes and ketones) groups. This reaction is very simple and takes place under
mild conditions. The imine could be easily reduced with a suitable reducing agent like sodium
borohydride (or, preferably, sodium cyanoborohydride), producing selectively N-alkyl derivatives;
(ii) carbodiimide-mediated amidation. There is a group of activators for the amidation of amines
with carboxylic groups. When using these agents, the amidation is straightforward and usually
takes place under mild conditions at room temperature. Most frequently used activators are
N,N'-dicyclohexylcarbodiimide (DCC), 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), and
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM). In order to increase
yields and decrease side reactions, N-hydroxysuccinimide (NHS) is often added.

1.2. Chitosan Precursors with Protected Amino Groups

Due to the high reactivity of the amino groups, these should be protected in order to encourage
the functionalization reaction to take place through the hydroxyl groups. Several methods have been
proposed, but until now the most frequent has been the N-phthaloylation of chitosan [21-23].

With this purpose, typically, amino groups of chitosan could be protected from unwanted reactions
by means of phthalic anhydride, whose derivative, N-phthaloyl chitosan, protects the amine moieties
for further chemical modifications. N-phthaloylation should be carried out in DMF/water (95/5) in
order to avoid O-phthaloyl substitution [22]. At the end of the chemical modification, the phthaloyl
protection must be removed from the polymer by reaction with hydrazine monohydrate to regenerate
the free amino groups. The N-phthaloylation is considered one of the best ways to protect the amine
moeties of chitosan; however, this strategy has two drawbacks:

e the N-phthaloylation of chitosan affects the solubility of chitosan in aqueous solutions. It is
only soluble in aprotic polar organic solvents, which have been attributed to an increase in
the crystallinity of the derivative as compared with the pristine chitosan [22,23]. Obviously,
the solubility of the precursor in some organic solvents could be advantageous when the
O-substitution reaction needs to be carried out in the latter.

e the unblocking reaction with hydrazine monohydrate severely depolymerizes chitosan chain,
with the consequent weakening of its mechanical properties [24-26].

Another approach for protecting amines is the formation of Schiff bases with aldehydes. It has
been found that N-aryl aldehydes are the best option, because their Schiff bases seem to disrupt
interchain packing, making hydroxyl groups more accessible for reactions [17,27]. Among them,
N-salicylidene, N-m-toluylidene, and N-benzylidene chitosan usually give better results [27-32].
The deprotection is easily carried out at acidic pH values, giving O-substituted chitosan derivatives
with almost no chain degradation. Nevertheless, under certain conditions, the protection of the amine
is far from complete, which is the main disadvantage of this strategy [33].
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Dissolving chitosan in methanesulfonic acid has also been used for the protection of amino
groups [34-37]. As it should be expected, there is an important degradation of chitosan polymer chain
due to the strong acidic conditions used to dissolve chitosan [34,35].

2. Click Chemistry Reactions

Among the different approaches developed to produce new chitin and chitosan derivatives, the
polymer scientist should take into account the way to reduce cost, time consumption during the
experiment, undesired byproducts of reactions, and reduce the possible pollution to a minimum.
Click chemistry is an expression coined by Sharpless for “a set of near-perfect” reactions [38], in which
two functional groups exclusively react with each other. They are quick reactions and exhibit high
yields; they are carried out under mild temperature conditions (25-37 °C), in a wide range of hydrogen
potential (pH 4-12); they are insensitive to water and oxygen. They must generate highly regioselective
products that need no complicated purification processes. An important characteristic is that they
are modular reactions resembling biochemical processes in nature. Among these reactions are the
following [38,39]:

e  cycloaddition reactions, including those from the 1,3-dipolar family (like Huisgen reaction), and
hetero-Diels-Alder reactions,

e nucleophilic ring-opening reactions in strained heterocyclic electrophiles,

e  carbonyl chemistry of the non-aldol type, and

e additions to carbon-carbon multiple bonds.

Among the reactions that are considered as click chemistry, cycloadditions are the most used
reactions in chitosan derivatization. On the one hand, the Huisgen’s reaction is a cycloaddition
between alkynes and azides yielding two regioisomer triazoles [40]. It could be carried out with or
without Cu(l) as a catalyst, as could be appreciated in Figure 2. This is one of the most investigated
chemoselective “click” reactions, which takes place in aqueous medium at room temperature, and is
almost instantaneous. On the other hand, the Diels-Alder is a [4 + 2] cycloaddition between a diene and
a dienophile, producing products with an unsaturated six-membered ring (Figure 3). This is also an
important click reaction, with the peculiarity that it can be thermodynamically reversible, depending
on the reactants, but its reaction product is absolutely stable [41-43].

1.4-regioisomer 1,5-regioisomer

A N¢N\ N";;N\
™ N—~R? + l N—R?
{
R!

Rl—== + Nyj—R?

N
N=

Cu(l) N—FR?

R

Figure 2. Huisgen cycloaddition reactions in the absence (A) or presence (B) of Cu(l) catalyst.

Ha
CH, c
He? GHz AT He” NcH,
=
HC\\ CH, HC\ /CHz
CH, c
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Figure 3. Diels-Alder reaction between a diene and a dienophile.
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The use of “click chemistry” has expanded the possibilities of producing new materials with
outstanding properties [44-48]. Chitosan derivatives synthesized by click chemistry have shown
tunable thermosensitive characteristics, photochromic behaviors, pH-sensitivity macromolecular
networks, and highly soluble chemoselective properties [49-52].

The main application of click chemistry on chitosan derivatization seems to be in the preparation
of grafting copolymers. Due to the chemoselectivity of these reactions, it was possible to obtain
N- [53,54] or O-grafted [55,56] chitosan-g-poly(ethylene glycol). Other homopolymers grafted onto the
chitosan backbone are poly(N-isopropyl acrylamide) [57,58], B-cyclodextrin (on O-6 position [31] or in
the amine [59]), poly(caprolactone) [60,61], and others [62,63].

An interesting example of what could be prepared with this powerful tool is the study of Jung et al.
in which chitosan-poly(ethylene glycol) hybrid hydrogel microparticles were prepared and then
conjugated with single-stranded DNAs via Cu-free click chemistry [64]. The authors consider this
strategy to be an example of a robust biomolecular assembly platform that could be replicated as a
biomolecular target and in therapeutic applications.

Furthermore, there are other chitosan derivatives developed via click chemistry reactions [32,50,65-74],
some of which exhibit diverse properties like antimicrobial, antifungal, enhanced solubility in acidic
and basic conditions, and an antigen detection system initiated by click chemistry, etc. Other materials
synthesized are a cellulose-click-chitosan material [75], click-coupled graphene sheet with chitosan [76],
and chitosan functionalized multiwalled carbon nanotubes [77].

The use of the Diels-Alder cycloaddition gives an advantage to design materials that can vary
their physicochemical properties with temperature, a characteristic that Huisgen’s cycloaddition does
not possess. In this sense, it could be very relevant to combine the properties of chitosan with the
potential capacity of furans to carry out Diels-Alder reactions. The structure of the furan gives it a
markedly dienic character, which is very suitable for the development of this type of reaction [78].
This feature opens up opportunities to investigate the potentialities of the Diels-Alder cycloaddition
between furan-chitosan derivatives and dienophiles such as maleimides. This approach has been used
to obtain a novel chitosan hydrogel with interesting drug-carrier characteristics that are suitable for
the development of novel biotechnological and biomedical materials (Figure 4) [79].

o]
CH,OH CH,OH 0 [ta N
OH OH N ~/B
© 0] e o O] + _/E LT-._ Chitosan o (
n n o E Oﬁ
HoN HN o~ o 0O
N

1 (o] o
HzC\@ OKN);\” @ :Nm

Figure 4. Synthetic scheme for the preparation of N-(furfural) chitosan by Schiff base formation/reductive
amination process and Diels-Alder cycloaddition with a bismaleimide giving chitosan hydrogel.

The number of reports about the use of click chemistry to modify chitosan is growing fast.
However, the application of click chemistry to the generation of regioselectively controlled chitosan
derivatives is only in its early stages, and we should expect its use to have an even greater momentum
in the coming years. This is undoubtedly due to the simplicity of the reactions and especially to the
excellent opportunities offered by these tools to introduce chemical modifications with a high control
of the molecular architecture.
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3. Graft Copolymerization

Among the strategies available to produce chitin and chitosan derivatives, grafting procedures
are a strong chemical tool that is used to develop innovative materials [11]. The structure of a typical
graft-copolymer consists of a long sequence of the backbone polymer chain (chitin or chitosan in this
case), containing one or more side polymer chain of distinct chemical nature [80]. The properties of this
kind of copolymer are widely dependent on the molecular characteristics of the grafted side chains,
such as molecular structure, length of the chain, and the degree of grafting [81].

There are three main techniques for the grafting copolymerization: grafting from, grafting onto,
and grafting through. As far as in this case the polysaccharide backbone chain is already formed,
only the two former methods are of interest. On the one hand, the grafting from method involves the in
situ polymerization of the grafting monomer (Figure 5a). This reaction is initiated directly from the
main chain, but its free homopolymerization could not be discarded as well. This procedure is usually
accomplished by one-step, but no control over the macromolecular structure is possible. On the other
hand, the grafting onto method is carried through the reaction between pendant functional groups of the
backbone chain and end-functional groups of previously synthesized polymer chains (Figure 5b) [80].
This procedure allows the elaboration of polymer systems with a well-defined structure. This technique
affords the preparation of versatile macromolecular materials from chitin and chitosan, allowing the
development of novel hybrid materials with specific properties for advanced applications in several
fields as food processing, biotechnology, water treatment, biomedicine, among others.
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Figure 5. Schematic representation of the (a) grafting from and (b) grafting onto methods for
graft copolymerization.

3.1. Chitin “Grafting from” Copolymers

The type of polymerization to be selected depends on the type of monomer to be grafted;
in most cases, radical polymerization has been used [82-89], although there is also a report of anionic
ring-opening polymerization [90]. Acrylic monomers (especially acrylic acid) are among the most
frequently grafted into chitin [82-85,88,91-93]. For the development of experimental procedures,
it must be taken into account that chitin is not soluble in aqueous media and, therefore, the reaction
must be carried out mostly under heterogeneous conditions. Hence, almost no-control over the
macromolecular structure is attained, giving rise to a heterogeneous distribution of the grafting chains
along the chitin backbone, and, in some cases, only low degrees of grafting could be reached.

The grafting from copolymerization of acrylic monomers onto chitin using cerium (IV) as redox
initiator has been the subject of some studies [82-84,93]. In the pioneering work by Kurita et al.,
the influence of several conditions of the copolymerization reaction of acrylamide and acrylic acid onto
chitin was investigated [82]. These authors reported a procedure that allows to reach the percentages
of grafts above 200%. The obtained copolymers showed enhanced solubility and hygroscopic
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behavior [82]. Methyl acrylate [83] and methyl methacrylate [84] are other acrylic monomers that have
been grafted on chitin in the past under similar conditions.

The other free radical initiator that has been successfully used for the grafting of acrylic monomers
onto chitin is potassium persulfate [85,88,91,92]. Hydrogels prepared with chitin-g-poly(acrylic
acid) by the grafting from method have been proposed as a wound dressing material [85,91,92].
The highly water-absorbable film showed a good capacity of absorbing exudates from wounds,
thus keeping a moist wound environment [85]. Subsequently, it was shown that the inclusion of
glycidyltrimethylammonium chloride improves the wound healing properties of this hydrogel [91,92].

Acrylic acid was also grafted on chitin nanofibers by the grafting from method using potassium
persulfate. This material showed a stable dispersion in aqueous media at alkaline pH due to the
stabilizing effect of electrostatic repulsions between nanofibers [88].

Chitin-g-polystyrene copolymer has also been prepared by the grafting from method using
ammonium persulfate. The effect of some experimental parameters was evaluated, and the resulted
material was a copolymer grafted at the C-6 position of chitin backbone [89].

Recently, polypyrrole, an electrically conducting polymer, was grafted on chitin to enhance its
mechanical properties. The copolymerization reaction was carried out by the grafting from method
using ammonium persulfate. The crystallinity of the graft copolymers decreased as a function of the
increment of grafting percentage [94]. Itaconic acid, indole, and e-caprolactone are also other examples
of monomers that have been grafted into chitin by the grafting from procedure [86,87,90].

3.2. Chitosan “Grafting from” Copolymers

Unlike chitin, the copolymerization reaction of chitosan could be accomplished by the grafting
from procedure under homogeneous conditions in aqueous media. To some degree, it allows having
more control over the macromolecular structure of the obtained copolymer as compared with chitin.

In this case, a greater variety of monomers have been grafted to chitosan via the grafted
from procedure, for example, acrylic monomers [95-113], styrene [105], oligoethylene glycol
methacrylate [114], N-vinyl-2-pyrrolidone [115,116], e-caprolactone [36,37,116-118], lactide [119],
urethane [120], indole [87], and aniline [121], among others. The types of polymerization and initiator
to be employed depend on the selected monomer.

One of the problems of the grafting from procedure is the difficulty of effectively controlling the
chemoselectivity of the reaction. To overcome this drawback, the protection-graft-deprotection method
has been employed [98,116-119]. With this purpose, chitosan amino groups are initially protected by
N-phthaloylation [22]. Then, the copolymerization reaction is conducted with N-phthaloyl chitosan,
and, finally, amino groups are regenerated with hydrazine monohydrate. Thus, the side chains are
anchored at the C-3 and C-6 hydroxyl groups of chitosan backbone, while amino groups remain free.
The main disadvantage of this technique is that the copolymerization reaction should be carried out in
organic solvents.

N-isopropyl acrylamide (NIPAm) is one of the most frequently grafted acrylic monomers on
chitosan backbone, perhaps due to its thermosensitive properties and its promising applications for
the preparation of advanced materials, especially on the biomedical field including drug delivery
systems and tissue engineering [96-102,106-108,113]. Ammonium and potassium persulfate is the
preferred radical initiator [97,99,100,102,106-108], but also cerium ammonium nitrate [96,101] and azo
compounds [113] have been utilized. In general, the grafting from synthesis of poly(NIPAm) copolymers
are simple and could be accomplished in one step. A strategy proposed by Chen et al. involves the
synthesis via atom-transfer radical polymerization from the bromo isobutyryl-terminated chitosan at
the C-6 hydroxyl group [98].

The thermosensitive properties of PNIPAm are governed by the variation of hydrophilic and
hydrophobic interactions by increasing the temperature. At low temperatures, water molecules form
regular ice-like structures around hydrophobic methyl groups. When the temperature increases,
that hydrophobic hydration collapses. As a result, hydrophobic interactions are generated between
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the methyl groups of different segments of PNIPAm chains, giving rise to a polymer network. From a
thermodynamic point of view, this phase transition should generate a loss of conformational entropy,
due to the ordering of the polymer in the network, which must be compensated for by the translational
entropy gain of the ejected water molecules. Therefore, as a result of the phase transition, there is an
increase in the total entropy, which is greater than the enthalpy gain (the transition is endothermic),
all of which results in a decrease in Gibbs free energy [13]. That is, the phase transition depends on the
size and closeness of the grafted PNIPAm chain segments that are involved in the transition. Therefore,
an adequate control of the molecular architecture allows one to effectively modulate the properties of
the materials and their response to changes in temperature [13,96,122].

The rheological response of the solutions of chitosan-g-PNIPAm to changes in temperature is
completely reversible. It has been postulated that the increase in the elastic response is due to the
formation of hydrophobic crosslinked points at the expense of the amount of sol fraction; for that reason,
“the connectivity in the gel network is governed by the net number of formed enthalpic-hydrophobic
driven-junctions” [96]. The fast thermoreversible response exhibited by these copolymers could be
associated with this phenomenon.

Polyelectrolyte complex membranes formed between chitosan-g-PNIPAm and pectin exhibit
temperature and pH dual-stimuli responses. Figure 6 shows the release of a model substance as a
function of pH and temperature [123], and it can be appreciated how this type of material can respond
simultaneously to both parameters.

More information about the structure, properties, and potential applications of chitosan-¢g-PNIPAm
copolymers could be found in other specific reviews [13,124].
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Figure 6. Release profile of Coomassie Blue dye from polyelectrolyte complex membranes formed
between this chitosan-g-PNIPAm and pectin as a function of pH and temperature. Reprinted from [123],
Copyright 2011, with permission from Elsevier.

e-caprolactone is the other monomer also often grafted onto chitosan. Poly(e-caprolactone) is
a hydrophobic, biodegradable, and biocompatible polymer with excellent mechanical properties.
Therefore, the search for hybrid, chitosan-based materials exhibiting the properties of both polymers is
an advantageous strategy. Because one of the properties of chitosan that is important to take advantage
of is its hydrophilicity and solubility in acidic aqueous solutions, the protect-graft-deprotect strategy
has been the preferred method [116-118]. In this case, different synthetic approaches have been
tested. The typical amino group protection by N-phthaloylation has been followed in most of the
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cases [116-118]. In these cases, tin octanoate was selected as a catalyst [116,117], but it has been also
shown that N-phthaloyl chitosan is also by itself a catalyst for the ring-opening polymerization of
caprolactone monomers and hydroxyl groups acting as initiators [118]. Moreover, there are other
reports in which methanesulfonic acid was used as a solvent for chitosan and at the same time served to
protect the amino groups, and as a catalyst for the ring-opening reaction [36,37]. This copolymer could
be used as an efficient stabilizer of gold nanoparticles [116] and could form amphiphilic copolymer
micelles suitable for the drug delivery of hydrophobic anticancer molecules [37].

In conclusion, it can be highlighted that the grafting from method has the advantage that chitosan
can be functionalized in a fairly easy manner, generally in a single reaction step. If it is required to
control the chemoselectivity of the copolymerization and to direct the reaction towards the hydroxyl
groups at C-6 and C-3 positions, it is necessary to follow the strategy of protecting amino groups
before copolymerization. The main drawback of the grafting from method is that there is poor control
over the structure of the copolymer, both in terms of the dispersion of the grafted chain length and its
distribution throughout the chitosan backbone (Figure 5a).

3.3. Chitosan “Grafting onto” Copolymers

As it is discussed above, the grafting onto is the other technique of preparing graft
copolymers. Its main advantage is that it is possible to obtain derivatives with better control of
the macromolecular architecture, and, therefore, it should be possible to have a greater possibility
of modulating the properties and applications of these materials. There are several types of
homopolymers that have been grafted onto chitosan, including poly(e-caprolactone) [125-127],
poly(ethylene glycol) and Pluronic [24,53-56,128-141], poly(N-isopropyl acrylamide) [57,58,98,142-146],
and poly(N-vinylcaprolactam) (PVCL) [147-154], among others.

The grafting of end-functionalized poly(e-caprolactone) has been conducted by the
protect-graft-deprotect procedure, using EDC condensing agent for carboxylic-terminated
poly(caprolactone) (Figure 7) [126,127], or the reaction of isocyanate groups with chitosan
hydroxyl groups [125]. It has been reported that the resultant material could be self-assembled into
micelles and used as stabilizers to prepare silver nanoparticles with good antimicrobial activity [127].
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Figure 7. Chemical structure of chitosan-g-poly(e-caprolactone).

Chitosan grafted with Pluronic, poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide), copolymer have also been synthesized by the grafting onto method. For this purpose, Pluronic
was “activated” with succinic anhydride, and the resulted carboxylated Pluronic was grafted onto
chitosan in the presence of EDC/NHS system (Figure 8) [139-141]. This water-soluble thermosensitive
copolymer has been evaluated as a potential injectable cell delivery carrier with the aim of using it as
a scaffold for cartilage regeneration [140]. Its suitability in the preparation of nanocapsules for drug
delivery was also verified [141].
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Figure 8. Chemical structure of chitosan-g-Pluronic.

The grafting of poly(ethylene glycol) (PEG) onto chitosan backbone has been accomplished via
PEGylation of amino groups throughout conjugation with methoxy PEG-nitrophenyl carbonate [131],
methoxy PEG-succinimidyl carbonate [133], amidation with carboxylated PEG [134], or reductive
amination (Figure 9) [129,130,132,135,136]. The use of “click chemistry” tools has also been reported
for the N- [53,54] or O-PEGylation of chitosan [55,56]. However, the grafting onto the -OH groups at
C-6 of chitosan structure is an alternative option of chitosan modification, because it allows the total
availability of free amino groups. In this sense, some studies related to O-substitution graft copolymers
have been developed by etherification reaction [24,128,137,138]. For this purpose, the amino groups of
chitosan were protected with phthalic anhydride by the above-mentioned procedure. The resultant
material (degree of substitution about 15%) shows solubility in a wide range of pH [128]. PEGylated
chitosan has been considered as a bioactive delivery carrier for insulin [138], DNA [131], heparin [133],
and albumin [135], among others. A detailed review of the methods of synthesis, characterization,
and pharmaceutical applications of PEGylated chitosan derivatives could be consulted [155].
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Figure 9. Chemical structure of chitosan-g-poly(ethylene glycol).

Chitosan-g-PNIPAm copolymer has also been synthesized by the graft onto method via the
amidation between carboxylic-end PNIPAm chains and chitosan amino groups using carbodiimide
compounds like DCC [142], or EDC (Figure 10) [143-145]. Similarly, the same reaction, but between
O-carboxymethyl chitosan and amino-end PNIPAm chains, has also been proposed [146], having
the advantage of leaving the amino groups free. Bao et al. have also made use of “click chemistry”
reactions to anchor PNIPAm chains onto chitosan backbone [57,58]. Due to its thermoresponsive
behavior, this copolymer forms hydrogels in situ, which favors some properties as enhancement
of drug residential time, ocular absorption, pharmacokinetics, and bioavailability of hydrophobic
drugs [13,142,145].
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Figure 10. Chemical structure of chitosan-g-poly(N-isopropyl acrylamide).

The grafting onto approach to synthesize chitosan-graft-PVCL has been conducted by the amidation
between PVCL-COOH and chitosan amino groups using EDC/NHS system [147-150,152,153] or
DMTMM (Figure 11) [151,154].
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Figure 11. Chemical structure of chitosan-g-poly(N-vinyl caprolactam).

It has been established that the molecular architecture of this copolymer plays a prominent role in
their thermoresponsive properties (LCST within 3445 °C) [151,154]. Figure 11 shows the dependence
of the phase transition on the length of the grafted chain or the closeness between them along the
chitosan backbone. The increment of the length of the grafted chains implies that longer hydrophobic
segments appear, which favors polymer-polymer long-range interactions and as a result, a lowering of
the phase transition temperature takes place (Figure 12a). The spacing between PVCL chains along the
chitosan backbone also affects the transition: as they are closer, the lower the cloud point temperature
and the greater the enthalpic change (Figure 12b). As the spacing between grafted chains is more
reduced, the hydrophobic intercatenary interactions between PVCL segments are favored, giving rise
to the above-mentioned behavior [151]. Indulekha et al. reported the study of the chitosan-g-PVCL gel
as a transdermal drug delivery system for pain management, which showed biocompatibility and drug
permeation through in vitro skin test [153]. Jayakumar et al. have studied chitosan-g-PVCL-based
nanoparticles as a promising candidate for cancer drug delivery [147-150,152].
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Figure 12. (a) Dependence of the hydrodynamic diameter, Dy, on temperature of chitosan-g-PVCL
aqueous solutions (pH 6) for different number-average molecular weights of PVCL-grafted chains (4,
13, and 26 kDa). Reprinted by permission from Springer Nature: [154], Copyright 2015. (b) Micro-DSC
curve of 10 wt % aqueous solutions (pH 6) of chitosan-g-PVCL, varying the spacing between grafted

side chains. Reprinted from [151], Copyright 2015, with permission from Elsevier.

Table 1 presents a compendium of the most representative monomers that have been grafted into

chitosan, as well as the main applications proposed.

Table 1. Main monomers used for derivatization of chitin and chitosan by grafting copolymerization.

Monomers Applications References
Chitin “grafting from” copolymers
Acrylamide Water absorbents, chelating agents [82]
Acrylic acid Water absorbents, chelating agents. Wound dressing. Nanofibers [82,85,88]
Methyl methacrylate Gel-like mass for biomedicine [84]
Itaconic acid Waste-water treatment [86]
Indole Antimicrobial activity [87]
e-caprolactone Biomedical field [90]
Glycidytrimethylammonium chloride Wound healing [91]
Pyrrole Electrically-conducting material [94]
Chitosan “grafting from” copolymers
Acrylic acid Controlled release devices, ion-exchange bioseparation, [95,103,104,111]

antibacterial activity, removal of heavy metal ions

Biodegradable packaging materials, recovery of heavy metals

N-butyl acrylate from waste waters [105,109]
Todine Cervical antibacterial biomembrane [110]
acrylamide-co-acrylic acid Drug release hydrogels [112]

Styrene Recovery of heavy metals from waste waters [105]
Aniline Antibacterial activity [121]
PNIPAm Biomedical field: tissue engineering, drug delivery systems. [96-102,106-108,113,123,145]
Lactide Gene delivery, complex with DNA [119]

e-caprolactone
N-vinyl-2-pyrrolidone

Nanoparticle stabilizer, drug delivery systems
Antimicrobial activity, nanoparticle stabilizer

[37,116-118]
[115,116]

Carbamate (urethane) Drug delivery systems [120]

Indole Antimicrobial activity [87]
Chitosan “grafting onto” copolymers

Pluronic Injectable cell delivery carrier, gene expression, controlled release [140,141]

e-caprolactone Drug carriers, antimicrobial activity [125-127]

Bioactive molecules delivery, polymeric surfactants, gene delivery,

Ethylene glycol apoptosis-inducing activity. [128,131,133,135,137,138]
PNIPAm Drug/gene delivery, [57,58,98,142-146]
PVCL Controlled drug delivery systems [147-154]
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3.4. Chitosan Network Systems Prepared by Radiation

Tonizing radiation constitutes an environmentally friendly tool for preparing graft copolymers
from chitin and chitosan. Fundamentally, UV- and y-radiation have been used for the preparation
of chitosan derivatives. UV-initiated polymerization has some benefits, such as lower reaction
temperature, fewer amounts of initiator, higher reaction rate, and shorter polymerization times,
among others. The principal disadvantage of this method of modification is the absence of specificity.
Usually, the resultant radiation-based graft copolymers tend to exhibit a crosslinked network structure.

On the one hand, chitosan-based graft copolymers have received special attention for applications
as flocculants due to their biodegradability, absorption, and charge neutralization ability, among others.
Some of those materials are based on acrylic monomers [156-160] and display important flocculation
properties. There are also reports of radiation-induced chitosan grafted with poly(maleic acid)
showing high sorption capacity of Co(II) [161,162]. On the other hand, Burillo et al. have developed
thermosensitive graft copolymers based on chitosan derivatives by gamma radiation [163-166].

4. Chitosan-grafted-Cyclodextrin Derivatives

Supramolecular polymer chemistry has gained interest in macromolecular research. A number
of molecular architectures have been introduced to develop new materials, in which cyclodextrins
(CDs) have been extensively used. CDs are non-toxic cyclic oligosaccharides, formed by 6 to 9
a-D-glucose units linked by (1—4) glycosidic bonds (Figure 13). They possess a truncated cone-shape
geometry, with a hydrophilic external surface and a relatively more hydrophobic internal cavity [167].
This arrangement favors host-guest interactions through the inclusion of a wide variety of small
organic molecules (which aremainly hydrophobic) such as adamantane, eugenol, doxorubicin, etc.
(Figure 14) [168-170]. This important property makes CDs an effective molecular carrier during the
design of advanced drug delivery systems. According to Rekharsky and Inoue, the general tendencies
of the dependence on thermodynamic quantities can be understood in terms of hydrophobicity, steric
effects during the guest-host interaction, the involved guest-host hydrogen bonding, and the flexibility
of the guest molecule [171]. Thermodynamic studies about the stability of the inclusion complex
demonstrated that the enthalpy gain due to the guest inclusion is compensated for by the loss of
entropy that results from the considerable conformational changes that take place in the CDs during
the complexation and the entropy gain due to the desolvation of both host and guest [171,172].
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Figure 13. Structure of a-cyclodextrin (formed by six glucosidic units). The arrangement of the external
hydrophilic surface and the relatively hydrophobic internal cavity is evident. Reproduced from [173]
with permission of The Royal Society of Chemistry.

Figure 14. Chemical structure of (A) adamantane, (B) eugenol, and (C) doxorubicin.
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Many investigations have been carried out with the aim of proposing methods to prepare
chitosan grafted CDs derivatives in order to take advantage of both the mucoadhesive properties
and reactive functional groups of chitosan and the ability of CDs to interact with hydrophobic guest
substances [174-176]. In the presence of a guest molecule, chitosan-g-CDs solutions could form
intramolecular and intermolecular complexes, which can lead to a large increase in the viscosity
or to the formation of temporary and reversible supramolecular network systems. Consequently,
an adequate control of the grafting reaction is of utmost importance for the regulation of molecular
architecture, and therefore the behavior and properties of the polymer materials. For this purpose,
the methods available for chemical modification of chitosan can also be used to graft cyclodextrin.
So far, the following main procedures have been proposed:

1. Reductive amination reaction. Usually, the CD is modified in order to attach an aldehyde group.
The inclusion of the CD moieties into the chitosan backbone is carried out by the formation of a
Schiff base, followed by the reduction with a proper agent. The reductive amination procedure is
one of the most used, because it is a simple, easy, and slightly degradative method [169,177-179].

2. The second most important method is via amidation of CDs modified with a carboxylic group
with the amino groups of chitosan. In this case, two strategies have been applied: (i) the classic
condensation reaction [180,181], and (ii) by amidation using coupling activators of the carboxylic
acid group, like EDC/NHS [175,182-186]. The former reaction requires high temperatures
due to the high activation energies involved, while the use of condensation agents in the later
selectively promotes the formation of the amide bond in aqueous solution under mild and
controllable conditions.

3. The nucleophilic substitution of halides or tosyl groups by chitosan amino groups is another
recurrent way to attach CDs into the chitosan backbone [168,170,187-192].

4. A method so far little used but which, in the future, can provide derivatives with a high
regioselectivity, is anchoring (3-cyclodextrin onto chitosan by click chemistry. In this way, using
the Huisgen cycloaddition reaction, 3-CD chains have been grafted onto the chitosan backbone
through the amino group (position 2) [59] or to the O-6 [31].

5. Other methods, among which (i) the preparation of epoxy-activated chitosan and its reaction with
hydroxyl groups of CD [193] or (ii) the anchoring of CD into chitosan using 1,6-hexamethylene
diisocyanate [194-196], among others, can be mentioned.

In this sense, Auzély-Velty and Rinaudo have reported a procedure in which a monosubstituted
-CD, possessing a D-galacturonic acid group on the primary face of CD, was grafted onto the chitosan
backbone by reductive amination reaction [169,178]. The characterization of the graft copolymer
confirmed a successful inclusion of CD on the chitosan chain with almost no degradation of the
polymer. These authors also observed a slight reduction in the solubility of the derivative (at grafting
degrees 10-12%) as compared with that of the pristine chitosan [178]. At a given concentration,
the viscosity of the copolymer solution is higher than that the original chitosan, confirming the
presence of interchain interactions induced by the presence of grafted CD [169].

The host properties of CD and chitosan-g-CD were comparatively studied toward a low or
high molecular weight guest. In the former case, 4-tert-butylbenzoic acid and (+)-catechin low
molecular weight guests were chosen, and the inclusion complex was analyzed by means of NMR [178].
Experimental data corroborated that the complexation of 4-tert-butylbenzoic acid is a dynamic process,
in the sense that the guest molecule is constantly switching between the free and bound states.
Moreover, it was possible to conclude that chitosan-¢g-CD exhibits the same host-guest properties
as the native CD toward the low molecular weight hydrophobic guest, suggesting that the grafting
process does not have a significant influence over the binding capacity of CD [178]. In the second
case, the interaction of chitosan-¢g-CD with two macromolecular guests (adamantane attached to
chitosan or poly(ethylene glycol)) was evaluated [169]. On the one hand, NMR analyses demonstrated
that the hydrophobic sites of the macromolecular guest interact with the grafted CD moieties in
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the same way as with the non-grafted one. On the other hand, rheological experiments showed
that PEG end-capped with adamantane mixed with CD-chitosan solutions promote a significant
increase in the viscosity due to cross-linking of CD-chitosan chains through host-guest inclusion
complexation with PEG-di-adamantane guest. Nevertheless, when the complexation takes place with
the chitosan-di-adamantane derivative, a gel-like behavior is appreciated [169]. These characteristics of
the inclusion complex with di-adamantane macromolecular derivatives open interesting possibilities
to produce advanced materials with controlled sol-gel properties.

One of the drawbacks of chitosan-g-CDs as a drug delivery system is the poor solubility of chitosan
at neutral pH values. In this context, Sajomsang et al. have proposed the quaternization of chitosan
amino groups in order to obtain a water-soluble grafted biopolymer [189,190]. Synthesis strategy
involves the quaternization of previously prepared chitosan-g-CDs, carried out by the nucleophilic
substitution of the remained free amino groups, yielding a water-soluble quaternized chitosan-g-CD.
The degree of quaternization (DQ) reached values between 60 and 85%. The mucoadhesive properties
of the grafted polymer were dependent on the DQ being stronger as the DQ increases, while its
cytotoxicity does not show any dependence with the DQ [190]. The formation of an inclusion
complex between the quaternized chitosan-g-CDs and eugenol as model guest molecule has also
been studied. In this case, it was confirmed that eugenol was included in the hydrophobic cavity of
CDs, but a self-aggregated micelle-type structure was formed, within which extra eugenol molecules
were entrapped as illustrated in Figure 15. The greatest mucoadhesion was attained with the
complex having 11% CD substitution, which suggests that in this case, electrostatic interaction has
a key role in governing the adhesion between mucin and the chitosan derivative [168]. Moreover,
an enhanced mucoadhesion was reported for this system when CDs were attached to the chitosan
backbone throughout a citric acid molecule. This effect is possibly due to additional intermolecular
hydrogen bonding between the carboxyl and hydroxyl groups from the citric acid spacer and mucus
glycoprotein [181,197].

Figure 15. Schematic structure of inclusion complex between eugenol (pink) and quaternized chitosan
(black) grafted with 3-cyclodextrin (blue) forming self-aggregated micellar structures. Reprinted from
reference [168], Copyright 2012, with permission from Elsevier.

Another extensive coupling method used to graft CD into chitosan chain is based on amidation
reaction. This reaction occurs among a component containing a free amino group, like chitosan,
with a substituted carboxylic acid-cyclodextrin to generate the amide bond. This reaction is
mediated by diimide derivatives; among them, EDC is the most used due to its water solubility.
Daimon et al. described the preparation of a chitosan-g-CDs by the condensation reaction of chitosan
and 3-CD-carboxylate [175,176]. The interaction between chitosan-g-CDs and insulin was evaluated.
Insulin was strongly bound to 3-CD residues due to the specific host-guest inclusion complex with
insulin. The electrostatic interactions between chitosan-g-CDs and insulin allowed a strong binding
in a wide range of pH [175]. The conclusion of several studies is that chitosan-g-CDs have the
remarkable potential to be applied in the delivery of peptides and proteins as an efficient delivery
carrier [175,176,186].
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Kono et al. described the preparation of a hydrogel based on carboxymethyl chitosan and
carboxymethyl CD. A reductive amidation reaction was conducted employing EDC-NHS as the
coupling agent. It allowed simultaneous grafting of CD onto chitosan and crosslinking. Acetylsalicylic
acid was chosen as a model drug to explore its properties as a carrier for drug delivery system.
According to their results, the observed drug release profile could be attributed to the formation of an
inclusion complex of aspirin inside CD cavity [183].

Apart from the aforementioned applications for controlled release systems, other studies
that aimed at the use of chitosan/cyclodextrin materials for the removal of metals or organic
micropollutants from wastewaters have been described as well [198,199]. For example, Zhao et al.
prepared chitosan- 3-cyclodextrin absorbent material using EDTA as cross-linker. According to these
authors, “chitosan chain is considered as the backbone, and the immobilized cyclodextrin cavities
capture the organic compounds via host-guest inclusion complexation, while EDTA-groups complex
metals” [199]. A B-cyclodextrin-chitosan-graphene oxide composite material has also been proposed.
It is claimed that this material is appropriate for the removal of manganese ions [198].

Finally, it should be noted that there is an increasing number of publications in which chitosan and
cyclodextrin are used as important components in the preparation of nano-vehicles or stimuli-sensitive
carriers [170,185,191,200-203].

5. Dendronized Chitosan

Dendrimers are commonly represented as highly symmetrical molecules, displayed in tiers with
an algorithmic growth. They are characterized by high-end functional groups located on the surface of
a spherical conformation, which lead a molecule that owes a large number of functional sites that are
easily accessible. This typical architecture influences the physical properties, like solution behavior,
especially at high molecular weights. In dendrimer construction, two synthetic approaches have been
employed: divergent and convergent. In the former, stepwise growing occurs from the center by means
of a series of highly selective reactions over a single molecule, whereas in the latter, the synthesis begins
in the periphery and ends in the core. Despite the important biomedical applications of dendrimers as
viral and pathogenic cell adhesion inhibitors, references about dendronized chitosan derivatives are
still scarce [204]. Here is a general brief description of these novel chitosan derivatives.

Some of the first reports of the preparation and characterization of chitosan dendrimers are those
presented by Sashiwa et al. [205-208]. They reported the preparation of sialic acid-bound dendronized
chitosan using gallic acid as the focal point and tri(ethylene glycol) as spacer arm. It was suggested to
be a non-toxic alternative and an inhibitor of hemagglutination of influenza viruses. Sashiwa and Aiba
have proposed two main strategies for the synthesis of chitosan dendrimers (Figure 16): in Method A,
dendrimers bearing an aldehyde group are previously synthesized, and then reacted with chitosan
amino groups by reductive N-alkylation; while Method B is based on the binding of chitosan to the
dendrimer surface, allowing the use of available amino-dendrimers [12].

A bioabsorbent for heavy metals, composed of different generations of poly(amido amine)
(PAMAM) dendrimers, was achieved by divergent approach synthesis. The addition of methyl
acrylate over amino groups of chitosan powder surface was driven by the Michael addition reaction
followed by the amidation of terminal groups with ethylenediamine. Different generations of PAMAM
were obtained by the subsequent propagation of PAMAM. Results indicate that materials with higher
generations of dendrimer exhibit greater Pb?* adsorption capacity [209].

The preparation of a water-soluble O-carboxymethyl N-[(2-hydroxy-3-trimethylammonium)
propyl] chitosan (CM-HTCC)/PAMAM dendrimer has also been described [210,211].
These nanoparticles are composed of a PAMAM core dendrimer and an outer CM-HTCC
shell attached to it (core-shell nanoparticles), as can be appreciated in Figure 17. The synthesis of this
dendronized chitosan involves a two-step reaction: the activation of carboxylic groups in CM-HTCC
and the subsequent condensation reaction. The obtained chitosan dendrimer could self-aggregate into
core-shell nanoparticles due to the combination of hydrophobic and electrostatic interactions and
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hydrogen bonding. These dendrimer nanoparticles exhibited antibacterial activity against Gramm
negative bacteria as E. coli.
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Figure 16. Synthetic strategy on chitosan—dendrimer hybrid. Reprinted from [12], Copyright 2004,
with permission from Elsevier.

Method B

Figure 17. Putative schematic structure of CM-HTCC/PAMAM dendrimer core-shell nanoparticles.
Reprinted from [210], Copyright 2012, with permission from Elsevier.

Similar nanostructures were also prepared with magnetite nanoparticles and dendritic branches
with carboxymethyl chitosan terminal groups [212]. These dendrimers exhibit selective adsorption
for anionic and cationic compounds at specific pH, and their potential use to remove dyes was
successfully proved.

6. Chitosan Modification Using Ionic Liquids

The ionic liquids (IL) have become a versatile media in which to perform chitin and chitosan
derivatization that was not available few of decades ago. Ionic liquids are salts that remain liquid
below 100 °C, in a practical sense, are those salts that should be handled as liquids at room temperature.
Most of them are formed by uneven ionic moieties, usually large cations paired with anions of relatively
smaller size. The combination and modification of cations and anions make it possible to obtain ionic
liquids with diverse chemical characteristics and functional properties. Thus, IL have been praised
as customizable solvents, some of them with remarkable properties that have found their way into
industrial scale applications. Many IL have been also classified as “green” solvents due to their reduced
vapor pressure, conventional non-flammability, and exceptional solvation potential [213,214].
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IL’s capacity to dissolve polysaccharides was first reported in 1934. However, this does
has not received considerable scientific attention, until recently. One of the main focuses of
interest has been the capacity of some IL to dissolve typically intractable polysaccharides as
cellulose or chitin [215-218]. Imidazolium-based IL, particularly 1-ethyl-3-methylimidazolium (Emim)
and 1-butyl-3-methylimidazolium (Bmim) in chloride or acetate form (Figure 18), is commonly
used to prepare chitin and chitosan solutions that could reach relatively high concentration
(over 10 w%). Other types of IL have been reported to dissolve chitosan to different extents,
for example, pyridinium-based IL functionalized with sulfonic acid [219] or amino acid-based
IL [220]. The chitosan-IL solutions provide alternative media to get homogeneous reaction conditions
and also enable derivatizations that are not favored in aqueous environments. The availability
of this type of chitin-chitosan solvent system began to gain relevance in scientific research and
applications development.

Figure 18. Chemical structure of the acetate salts of 1-ethyl-3-methylimidazolium, Emim, and
1-butyl-3-methylimidazolium, Bmim.

Actually, several types of chemical modifications of chitin-chitosan in IL have been reported.
Some of them have been compiled in focused reviews [221,222]. Chitosan has several functional
chemical groups that are susceptible to react, which allow the production of a range of derivatives
and grafting. Below is a succinct summary of the most relevant chitosan derivation procedures in IL
reported in the literature, and some examples of the obtained products are included in Figure 19.
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Figure 19. Some examples of chitosan derivatization made in IL. (A) Chitosan-graft-oxicellulose,
(B) N-acylation, (C) O-acylation, and (D) Alkylation.

6.1. Acylation

Acetylation was one of the first chemical modification procedures performed on chitin-chitosan
dissolved in ionic liquids. Homogeneous acetylation of chitin and chitosan in halide imidazolium-based
IL has been reported [223,224]. Based on the degrees of substitution and spectroscopic evidence reported,
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both N-acetylation and O-acetylation was achieved indistinctly. With IL, the acetylation of chitosan
proceeds in mild and homogeneous conditions, making this methodology more straightforward
compared to usual procedures [222]. Other acylation procedures have been reported. The IL
Bmim acetate (BmimAc) was used as the reaction solvent to obtain N-linoleyl chitosan oligomers.
Narrow-distribution low molecular chitosan was used as starting material that was acylated with
linoleic acid using EDC and 4-(dimethylamino) pyridine (DMAP) as catalysts under mild reaction
conditions. The nanomicelles of the obtained amphiphilic molecules are proposed as drug vector [225].
Similarly, the use of glycine chloride ([Gly]Cl) aqueous solution as media to synthesize N-acyl chitosan
derivatives (i.e., N-maleyl, N-succinyl chitosan, and N-acetylated) was reported as a procedure for
obtaining fibers with improved mechanical properties [226]. Another acylation type modification
was achieved by reacting chitosan with monomethyl fumaric acid mediated by EDC. The reaction
media was an aqueous solvent system that included 4 w% of the IL, 1-sulfobutyl-3-methylimidazolium
trifluoromethanesulfonate (BSmimCF3;503). The product, monomethyl fumaric-chitosan amide, has
improved water solubility and antioxidant activity [227]. Chitosan has been also reacted with a
carboxyl group-bearing IL (1-carboxypropyl-3-methyl imidazolium chloride) to obtain an acyl conjugate.
Spectroscopic techniques (NMR and FTIR) were used to elucidate the structure of the chitosan-ionic
liquid conjugate. This compound shows good anion adsorption performance and was proposed for
wastewater treatment [228].

6.2. Alkylation

Several alkylation-type modifications of chitosan have been done using IL as media and catalyst.
The nucleophilic substitution of 2,3-epoxypropyltrimethyl ammonium chloride (EPTAC) onto chitosan,
using ionic liquid of 1-allyl-3-methylimidazole chloride (AmimCl) as a homogeneous reaction media,
produced N-[(2-hydroxyl)-propyl-3-trimethyl ammonium] chitosan chloride (HTCC). In this system,
the attack of the amino groups of chitosan on the C atom with less steric hindrance in EPTAC is
thermodynamically favored, according to quantum chemistry calculations [229]. Chitosan was reacted
with four alkyl halides in a basic form of the Bmim IL to prepare a series of alkylated chitosans with
different carbon chain substituents (i.e., ethyl-, butyl-, dodecyl-, and cetyl-chitosan). The analysis
of FTIR spectra indicates the occurrence of O-alkylation; however, the N-alkylation prevails at the
reaction conditions used. The antibacterial activity of alkylated chitosans decreased with the growth
of the DS or the growth of the carbon chain [230]. Another report of N-alkylation of chitosan in IL
is the production of HTCC in AmimCl [231]. In contrast, there are few examples of O-alkylation
of chitosan achieved in IL. Dodecanol was selectively linked to hydroxyl groups of chitosan using
N,N’-carbonyldiimidazole as a bonding agent and BmimCl as homogeneous media. The authors
attribute the selective alkylation of hydroxyl groups of chitosan, without protecting amino groups, to
the particular properties of the ionic liquid solvent [232].

6.3. Grafting

The solvent capacity of several IL has been used to achieve grafting on chitin or chitosan.
Chitin graft polystyrene was obtained by atom-transfer radical polymerization (ATRP) in
AmimBr [233]. Methacryloyloxyethyl trimethylammonium brushes were formed on chitosan by
single electron transfer living radical polymerization in BmimCl [234]. The synthesis of chitosan graft
polyethylenimine copolymers was developed in BmimAc [235]. Two different research groups have
reported the chitosan grafting with polycaprolactone using IL as a solvent. Wang and collaborators
used EmimCl as solvent and stannous octoate as catalyst [236], whereas Yang and co-workers used a
ring-opening graft polymerization route with N-protected chitosan dissolved in BmimAc [229]

Tonic liquids allow the homogeneous mixture of polysaccharides in solution. This has been
used to produce several composite materials. Furthermore, these solvent systems have enabled the
possibility of carrying out inter-polysaccharide reactions that have been proven to be difficult to do
in other media. Thus, it was possible to produce chitosan graft oxycellulose using a mixture of two
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IL, AmimCl as the solvent, and 1-sulfobutyl-3-methylimidazolium hydrogen sulfate (SmimHSO,) IL
as the catalyst of the reaction [237]. Another example is the covalent linking of chitosan and xylan
through the Maillard reaction in BmimCl [238].

6.4. Other Derivatizations

The crosslinking of chitosan in IL has been explored. Chemical ionogels were obtained
crosslinking chitosan with glutaraldehyde in EmimAc [239]. Recently, the design of a dicationic
IL (1,10-(butane-1,4-diyl)bis(3-(4-bromobutyl)-1H-imidazole-3-ium)bromide) used as crosslinking
agent for chitosan was reported. The composite materials of chitosan crosslinked with IL were tested
as catalysts of the cycloaddition reaction of CO, with various epoxides [240].

Other derivatization reactions of chitosan performed in ionic liquids solutions include the
formation of a Schiff base conjugate using BmimCl as solvent [241] and the sulfonation of chitosan in
an aqueous solvent system containing [Gly]CI [242].

6.5. Degradation

A homogeneous reaction media like that obtained using IL represents an opportunity window
to test diverse modifications in the chemical structure of chitin and chitosan. One of the basic
modifications of these polysaccharides is the deacetylation. This has been achieved by hydrothermal
treatment using aqueous BmimAc as reaction medium and catalyst [243]. However, there are more
scientific reports on the hydrolysis of chitin and chitosan in IL.

A mixture of BmimCl, BmimBr, and hydrochloric acid was effectively used to depolymerize
chitin [244]. Improved reaction rates were reported when chitosan dissolved in AmimCl was
treated with sulfonic acid-functionalized ionic liquids based on propylpyridinium and microwave
irradiation [219]. An aqueous solution-ionic liquid biphasic catalytic system was proposed for the
oxidative degradation of chitosan. Chitosan was dissolved in diluted HCI and the hydrophobic ionic
liquid 1-N-butyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl) imide ([bmim][Tf,N]) containing
with iron(II) phthalocyanine (FePc) complete the oxidative catalytic system [245]. Furthermore, a
nitrogen-containing furan derivative has been obtained directly from chitin dissolved in a range of
imidazolium-based IL, containing HCI or HBr as additives, after a thermal treatment [246].

6.6. Biocatalyzed Reactions

Ionic liquids have been also used as effective media for biocatalyzed reactions. It is considered that
many enzymes, particularly those that tolerate conventional organic solvents, can achieve comparable
activities in ionic liquids. Moreover, ionic liquid solvent systems could overcome some limitations
that are observed in the biotransformation of highly polar substrates, such as polysaccharides [213].
Consequently, several research groups have studied enzymatic modifications of chitin-chitosan
using IL as reaction media or additive. Bacterial and fungal chitinases dispersed in an aqueous
solvent system containing EmimAc were applied to produce monomers and oligosaccharides from
chitin. A notorious enzymatic activity reduction was observed when IL concentration was over
20 v% [247]. Chitosan oligomers were produced with amylose in a [Gly]BF; aqueous medium.
Similarly, an enzymatic activity reduction was observed when the IL concentration went over
8 v% [248]. On the other hand, commercial lipase was used for the synthesis of chitosan esters
via transesterification with methyl palmitate. The reaction media contain a mixture of a hydrophilic IL,
EmimAc, and a hydrophobic IL, Bmim tetrafluoroborate [249].

The ionic liquids have become a promising solvent platform for controlled chemical modification
of chitosan. There are examples of controlled reactions, even regioselective, derivatization of
chitosan using IL as media, additives, or catalysts. The “customization” of IL could provide
tunable homogeneous phase media to circumvent the common drawbacks of heterogeneous
conditions (i.e., require harsh reaction settings, high variability, low product yields, extended reaction
times, etc.) [221,222]. Most of the cited authors in this section remark the “green” solvent condition of IL
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referred to their low vapor pressure, non-flammability, and thermal and chemical stability. Furthermore,
the reuse and recycling of IL has received particular attention. After reaction, the chitosan derivatives
are usually recovered by precipitation using miscible non-solvents, e.g., alcohol-water mixtures or
organic solvents, depending on the utilized IL and the obtained chitosan derivative. The residual
solvents and washing liquids could be distilled to recover the IL. However, the main concerns about
the use of IL focus on their biocompatibility and their cost, as they are not readily available yet.
The application of IL for polysaccharide processing is relatively recent subject; the possibilities enabled
are numerous; thus, considerable research effort is ongoing worldwide.

7. Conclusions

In this review, we summarize and discuss the latest advances in methods and strategies of
chitosan functionalization, such as the click chemistry approach, grafting onto copolymerization,
coupling with cyclodextrins, as well as reactions in ionic liquids. A better understanding of the
close relationship between chemical structure and properties is an imperative condition for designing
innovative materials. This involves synthesizing substances whose macromolecular architecture
is controllable so that the required properties can be optimized and maximized. Throughout
this article, several possibilities for combining the distinctive characteristics of chitosan with other
interesting molecules, within a context that allows the governance of the architecture of the resulting
derivatives, have been demonstrated. The materials produced could be used in exciting technological
applications such as sensors, actuators, as a controllable membrane for separations, in the food industry,
nanotechnology, and in biomedical and biotechnological fields including drug delivery and tissue
engineering. The application of novel techniques of polymer modification with an adequate control
of the regioselectivity has allowed important advances in recent years. We should expect that in
the near future, new experimental techniques will appear, and materials with properties for specific
applications will surely arise.
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Abstract: Depolymerization and de-N-acetylation of chitin by chitinases and deacetylases generates
a series of derivatives including chitosans and chitooligosaccharides (COS), which are involved in
molecular recognition events such as modulation of cell signaling and morphogenesis, immune
responses, and host-pathogen interactions. Chitosans and COS are also attractive scaffolds for
the development of bionanomaterials for drug/gene delivery and tissue engineering applications.
Most of the biological activities associated with COS seem to be largely dependent not only on the
degree of polymerization but also on the acetylation pattern, which defines the charge density and
distribution of GIcNAc and GlcNH, moieties in chitosans and COS. Chitin de-N-acetylases (CDAs)
catalyze the hydrolysis of the acetamido group in GlcNAc residues of chitin, chitosan, and COS.
The deacetylation patterns are diverse, some CDAs being specific for single positions, others showing
multiple attack, processivity or random actions. This review summarizes the current knowledge
on substrate specificity of bacterial and fungal CDAs, focusing on the structural and molecular
aspects of their modes of action. Understanding the structural determinants of specificity will
not only contribute to unravelling structure-function relationships, but also to use and engineer
CDAs as biocatalysts for the production of tailor-made chitosans and COS for a growing number
of applications.

Keywords: chitin deacetylases; chitosan; chitooligosaccharides; carbohydrate esterases; structure;
substrate specificity; deacetylation pattern

1. Introduction

Chitin is a linear polysaccharide of (3(1—4)-linked N-acetylglucosamine monomers. It was
first isolated from fungi in 1811 [1] and its structure was determined in 1929 [2]. Chitin is a major
structural component of the exoskeletons of arthropods (insects and crustaceans), of the endoskeletons
of mollusks, and it is also found in the cell walls of fungi and diatoms [1,3,4]. It is one of the most
abundant organic molecules after cellulose, and the most abundant natural amino polysaccharide.
Chitin is present as ordered macrofibrils, mainly in two allomorphs: «-chitin, with antiparallel
chains [5], is the most abundant and it is isolated from the exoskeleton of crustaceans, particularly
from shrimps and crabs; and 3-chitin, with parallel chains [6], is present in the cell walls of diatoms
and in the skeletal structures of cephalopods, and commonly extracted from squid pens. 3-Chitin is
easily converted to a-chitin by alkaline treatment followed by flushing in water [5]. Chitin is also
found as y-chitin in fungi and yeast, which is a combination of the o and 3 allomorphs [7,8].

Depolymerization (hydrolysis) of chitin by chitinases results in chitooligosaccharides (COS),
and de-N-acetylation of chitin and COS yields chitosan and partially acetylated COS (paCOS) or fully
deacetylated glucosamine oligomers (Figure 1). In nature, the deacetylation of chitin is almost never
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complete, and chitosan refers to a family of heteropolysaccharides composed of N-acetylglucosamine
and glucosamine, characterized by their degree of polymerization (DP), degree of acetylation (DA),
and pattern of acetylation (PA). Only some fungi of the Zygomycota, Basidiomycota and Ascomycota phyla
have been reported to be capable of naturally producing chitosans [9]. The free amino groups of the
deacetylated units in the polymer are protonated at slightly acidic pH, thus making chitosans the only
known natural polycationic polysaccharides [1,3,9]. They interact with polyanionic biomolecules such
as polyanionic phospholipidic membranes, glycosaminoglycans at cell surfaces, proteins, and nucleic
acids. Depolymerization by hydrolysis of the (3-1,4-linkages of chitin and chitosan yields their
respective oligosaccharides (COS, paCOS) [10]. Whereas chitin and chitosans act as structural polymers,
their oligomers are involved in molecular recognition events, such as cell signaling and morphogenesis,
and act as immune response elicitors and host-pathogen mediators [11-15]. The catabolism of chitin
and chitosan is summarized in Figure 1. Chitin and chitosan oligosaccharides are further degraded
following different organism-dependent pathways to end up in the central energy metabolism.

The de-N-acetylation of chitin and chitooligosaccharides is catalyzed by chitin deacetylases
(CDAs), which exhibit different substrate specificities leading to fully or partially deacetylated
products with diverse degrees of acetylation (DA) and patterns of acetylation (PA). In addition
to the role CDAs play in the biology of their natural organisms, there is a growing interest in the
biochemical characterization of CDAs in order to use them as biocatalysts for the production of
partially deacetylated chitooligosaccharides (paCOS) as bioactive molecules in different application
fields, or to inhibit them since they are potential targets against pathogenic microorganisms. The aim
of this review is to analyze the current knowledge on the biochemistry of chitin deacetylases with
regard to their substrate specificity. Although a large number of enzymes have been experimentally
identified as chitin deacetylases able to deacetylate chitin either in vivo or in vitro, few of them have
been analyzed at the protein level. Here we will focus on those CDAs with characterized activity on
chitooligosaccharides (COS) to address the issue of substrate specificity and the deacetylation pattern.
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Figure 1. Chitin catabolism. GlcNAc: N-acetylglucosamine; GlcN: glucosamine; DA: degree of
acetylation. COS: chitooligosaccharides (or chitin oligosaccharides), paCOS: partially acetylated
chitooligosaccharides (or chitosan oligosaccharides).

2. Chitin Deacetylases and the Carbohydrate Esterase Family 4 (CE4)

Chitin deacetylases (CDAs, EC 3.5.1.41) and chitooligosaccharides deacetylases (CODs,
EC 3.5.1.105) are classified in the carbohydrate esterase family 4 (CE4) in the CAZY database
(Carbohydrate Active Enzymes, www.cazy.org) [16]. The CE4 family also contains peptidoglycan
N-acetylglucosamine deacetylases (EC 3.5.1.104), peptidoglycan N-acetylmuramic acid deacetylases
(EC 3.5.1.-), poly-B-1,6-N-acetylglucosamine deacetylase (EC 3.5.1.-), and some acetyl xylan esterases
(EC 3.1.1.72) [17]. These enzymes share a conserved region known as the NodB homology domain
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due to its similarity to the NodB oligosaccharide deacetylase, one of the first CE4 enzymes to
be characterized [18]. Most currently reported and characterized CDAs and CODs are CE4
enzymes, with the exception of diacetylchitobiose deacetylases (Dacs) from archaea and a COD
from Bacillus cereus (BcZBP) that belong to the CE14 family [19,20]. Few other enzymes, such as insect
CDAs and a COD from E. coli (ChbG) [21] are in the group of “non-classified” in the CAZY database
since they do not share sequence similarities to the other CDA families.

The deacetylase activity from extracts of the fungus Mucor rouxii was the first active CDA identified
and partially purified in the mid 1970s [22,23]. Later on, the NodB from a rhizobium species was the
first biochemically characterized COD in 1993 [18]. Many other CDAs and CODs were later identified
and purified from very diverse organisms, including archaea, marine bacteria, fungi, and insects [24].
These enzymes are diverse in their biochemical properties: molecular masses in the range from
12 to 150 kDa, acidic isoelectric points (pI from 2.7 to 4.8), optimum pH for activity from 4.5 to 12,
and significant thermal stability, with optimum temperatures for activity in the range from 30 to 60 °C.
Most CDAs are highly inactive on crystalline chitin due to the inaccessibility of the acetyl groups in the
tightly packed chitin structure, and have a preference for soluble forms of chitins such as glycol-chitin
or chitin oligomers, as well as partially deacetylated chitin (chitosans). It has recently been shown that
CDA activity on crystalline chitin is greatly enhanced by oxidative cleavage of the surface polymer
chains by lytic polysaccharide monooxygenases (LPMO) [25]. Some CDAs contain carbohydrate
binding modules (CBM) fused to the catalytic domain that seem to enhance the deacetylase activity by
increasing the accessibility of the substrate to the catalytic domain [26].

CDAs are localized in different cellular compartments, in the periplasm, in the cytosol, or secreted
as extracellular enzymes. Periplasmic fungal CDAs are generally tightly coupled to a chitin
synthase to rapidly deacetylate newly synthesized chitin before their maturation and crystallization.
Extracellular fungal CDAs are secreted to alter the physicochemical properties of the cell wall,
which results in protection against exogenous chitinases, or initiates sporulation or autolysis. In bacteria,
CDAs are either intracellular, as those involved in Nod factors biosynthesis in Rhizobium species,
or extracellular, as those involved in the catabolism of chitin in marine bacteria [24,27,28].

Some CE4 enzymes classified in a specific subfamily also show activity on typical substrates from
other subfamilies. Peptidoglycan GlcNAc deacetylases, involved in the de-N-acetylation of the bacterial
cell wall peptidoglycan with critical functions in the maturation and turnover of peptidoglycan and in
bacterial pathogenicity, are also active on COS. Some CDAs have activity on acetylxylan, as well as
some acetylxylan esterases are active on COS, which makes their classification doubtful in some cases.

3. Function and Specificity of CE4 Chitin Deacetylases

3.1. Deacetylation Patterns

Chitin deacetylases exhibit diverse deacetylation patterns, reflecting different substrate
specificities and pattern recognition on their linear substrates. The mechanisms of action of enzymes
that modify in-chain units on a linear polysaccharide are commonly classified as multiple-attack,
multiple-chain, and single-chain mechanisms [29]. In the multiple-attack mechanism, binding of
the enzyme to the polysaccharide chain is followed by a number of sequential deacetylations,
after which the enzyme binds to another region of the polymeric chain. (i.e., M. rouxii [30,31]).
On a polymeric substrate, this mechanism will result in a block-copolymer structure with blocks of
GIcNH; units within the GlcNAc chain. On COS, it will usually result in full deacetylation of the
oligomer. In the multiple-chain mechanism, the enzyme forms an active enzyme-polymer complex
and catalyzes the hydrolysis of only one acetyl group before it dissociates and forms a new active
complex (i.e., C. lindemuthianum CDA [32,33]). It will result in a random distribution of the GleNH,
and GlcNAc units along the polymeric chain or, in the case of COS substrates, it will render a number of
partially deacetylated oligosaccharide intermediates ending in a specific deacetylation pattern or in full
deacetylation, depending on the enzyme and the substrate. Finally, a single-chain mechanism includes
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processive enzymes in which a number of catalytic events occur on a single substrate molecule leading
to sequential deacetylation. Some bacterial chitooligosaccharides deacetylases (CODs), which are
specific for a single position leading to mono-deacetylated products (i.e., Rhizobium NodB or Vibrio
CDA or COD) are also included in the last group.

A fundamental question is how these enzymes define their action pattern. This is relevant
not only to understand their biological functions but also to use CDAs (native and engineered
variants) as biocatalysts for the production of chitosans with non-random deacetylation patterns,
and partially deacetylated COS with tailored patterns of acetylation (see Section 6). A structural model
on the determinants of substrate specificity is currently emerging from studies on substrate specificity,
determination of 3D structures of enzyme-substrate complexes, and multiple sequence alignments.
Many CDAs, particularly from fungal origin, have been identified as involved in chitin deacetylation
in vivo, but only few of them have been characterized with regard to substrate specificity and mode
of action. To the best of our knowledge, Table 1 compiles the CDA enzymes in family CE4 that have
been biochemically characterized and have reported activity on COS substrates, some of them with
solved three-dimensional structure by X-ray crystallography. Relevant information on their biological
function and substrate specificity is summarized below.

CDAs participate in diverse biological processes, which include cell wall morphogenesis and
host-pathogen interaction in fungi, generation of signaling molecules in bacteria, and participation
in the catabolism of chitin as carbon, nitrogen, and energy sources in marine bacteria and fungi.
CDAs were thought to be restricted to fungi and bacteria until a first report in 1986 on their presence
in arthropods [34]. CDAs seem to be widely present in insects, in cuticles and the perithrophic midgut
matrix, but little is known on the function and properties of insect CDAs [35,36], and they are not
included here because scarce information on substrate specificities has been reported.

3.2. Fungal CDAs

Fungal CDAs are involved in fungal nutrition, morphogenesis and development [27,29],
participating in cell wall formation and integrity [37], in spore formation [38], germling adhesion [39],
fungal autolysis [40], and in defense mechanisms for host infection [41].

Fungi that have chitosan (in addition to chitin) as a structural component of the cell wall, secrete
CDAs to the periplasmic space that contribute to chitosan biosynthesis from nascent chitin synthesized
by chitin synthases. It occurs during exclusive periods corresponding to their particular biological role
in the cell cycle of the fungal species: during cell wall formation (i.e., M. rouxi [42] and A. coerulea [43]),
during sporulation (i.e., S. cerevisiae [38,44]), or during vegetative growth (i.e., C. neoformas [37]).

Pathogenic fungi secrete CDAs during fungal hyphae penetration to evade plant defense
mechanisms and gain access to host tissues. Plants secrete chitinases to break the fungal cell-wall chitin
down to chitooligosaccharides (COS), and the released COS are recognized by plant chitin-specific
receptors, triggering resistance responses [41]. COS elicitation of resistance mechanisms involve
activation of host defense genes [45,46]. There is cumulative evidence that fungi evade plant defense
mechanisms by partially deacetylating either their exposed cell wall chitin or the chitooligosaccharides
produced by the action of plant chitinases. In both cases, the resulting partially deacetylated oligomers
are not well recognized by the specific plant receptors reducing or preventing the elicitation of the
defense responses [41,47-49].

Filamentous fungi undergo autolysis by self-digestion of aged hyphal cultures due to carbon
starvation [40,50]. During this event there is an increased presence of hydrolytic enzymes, especially
those involved in cell wall degradation, and CDAs are secreted to the extracellular medium to
deacetylate the chitin oligomers produced by chitinases (i.e., A. nidulans [51,52]).
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In general, fungal CDAs deacetylate soluble forms of chitin such as glycol-chitin and chitosans of
variable DA, but they are inactive, or show low activity, towards insoluble chitins such as crystalline -
and B-chitin and colloidal chitin. Pretreatment of chitin to make surface fibrils more accessible may
result in increased deacetylase activity. It has been recently shown that the activity of an A. nidulans
CDA on crystalline chitin was enhanced by a lytic polysaccharide monooxygenase (LPMO) that
increases substrate accessibility by oxidative cleavage of the chitin chains [25]. Some CDAs also
appear to be active on acetylxylan (i.e., AnCDA), but any of them act on peptidoglycans, typical
substrates of other CE4 family members. In addition to polymeric substrate, not many CDA have been
analyzed with COS as substrates (Table 1). The analysis of the products from enzymatic deacetylation
with regards to the extent and pattern of deacetylated provides information about the specificity and
mode of action of these enzymes. The first seven entries in Table 1 correspond to CDAs for which the
deacetylation pattern on COS has been reported, whereas the rest of the entries are CDAs active on COS
but, to the best of our knowledge, the structure of the deacetylated products has not been analyzed.

Mucor rouxii (Amylomyces rouxii) (MrCDA). The dimorphic fungus M. rouxii has a cell wall
mainly composed of chitin, chitosan, and mucoric acid. While chitin accounts for 10% of the total
dry weight of the cell wall, chitosan reaches 30% [77]. The M. rouxii CDA enzyme was initially
found in the cytosol [23], but it is also secreted into the periplasm where it participates in a tandem
synthetic mechanism that involves a chitin synthase and a chitin deacetylase working consecutively
and synchronously for synthesis and deposition of chitosan polymers at the outer membrane [78].
Decoupling this mechanism prevents the formation of chitosan [42,79]. M. rouxii, like other fungi,
has been identified as a suitable microorganism for chitosan production by means of biofermentation
processes [80,81]. MrCDA is a monomeric high-mannose-type glycosylated protein with an apparent
molecular mass of 75-80 kDa [82]. Kinetic studies indicate that the preferred catalytic metal is Zn?*
like many other CDAs. In terms of activity, its optimal pH and temperature values are between
4.5-5.5 and 50 °C, respectively [23,33]. MrCDA deacetylates chitinous polymers such as glycol-chitin,
colloidal chitin, chitosan, and chitin, but also deacetylates acetylxylan [17,23]. On chitooligosaccharides,
triacetylchitotriose is the smallest substrate and the activity increases with the degree of polymerization
(DP) [23,31,42,78]. The enzyme follows a multiple-attack mechanism [30] but the resulting pattern of
acetylation (PA) depends on the DP of the substrate: whereas DP3, DP6 and DP7 substrates are not
fully deacetylated, leaving the reducing GleNAc unmodified [D, 1A], DP4 and DP5 substrates are
fully deacetylated [Dy]. In all cases, deacetylation starts at the non-reducing end residue and then
proceeds to the neighboring monomer towards the reducing end [31].

Colletotrichum lindemuthianum (CICDA). The deuteromycete C. lindemuthianum is a plant pathogen that
causes anthracnose, a disease which affects economically important crop species [83]. CICDA is a heavily
glycosylated secreted enzyme allegedly playing a role in the host-pathogen interaction, deacetylating the
chitin oligomers resulting from the activity of plant chitinases on the fungal cell wall [83,84]. Less likely is
its function in deacetylating the fungal cell wall chitin to evade degradation by plant chitinases, since no
chitosan has been observed in the cell wall ultra-structure [85]. Since its discovery in the 1980s it has
been purified from its natural host [84,86] as well as expressed in several eukaryotic and bacterial hosts
such as Pichia pastoris [87,88] and E. coli [89,90]. The enzyme has a preference for Co?** and Zn** as
the catalytic metal cation and its activity is substantially inhibited by Cu?* or Ni?*, but not inhibited
by EDTA or acetate [53,86]. It is a quite thermostable enzyme with an optimum temperature of 60 °C,
and a pH optimum of 8.0. CICDA is active on both chitin polymers (glycol-chitin) and COS. It fully
deacetylates COS with a DP equal to or greater than 3, while it only deacetylates the non-reducing GlcNAc
of diacetylchitobiose [32,91]. CICDA acts by a multiple-chain mechanism following a pathway in which the
first residue to be deacetylated is the second from the reducing end [32,33]. The initial mono-deacetylation
reaction shows no dependency of ke, on DP and a decrease of Ky; with increasing DP [33,53]. However,
kinetics of fully deacetylated products formation show an increase in ke, and reduction in Ky that correlate
with the increase of DP [86]. It has been reported that this enzyme is reversible, as it is also able to catalyze
the acetylation of chitosan oligomers [92-94].
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Aspergillus nidulans (AnCDA). During cell autolysis, AnCDA is secreted into the extracellular medium
to deacetylate the chitin oligomers produced by chitinases [40,50,52,95]. The enzyme has been purified
from A. nidulans cultures as a glycosylated enzyme [51]. The recombinant protein has been expressed in
E. coli and purified by refolding from inclusion bodies [96] and recently it has been obtained in soluble
form [25]. Like CICDA, AnCDA is a thermostable protein with an optimal temperature of 50 °C and
retaining 68% activity after 1 h at 80 °C. Its optimum pH is 7-8 [51,96]. The enzyme is active on soluble
chitins (CM-chitin, glycol-chitin), colloidal chitin, chitosan, acetylxylan, and acetylated glucuronoxylan,
but not on peptidoglycan [25,51]. AnCDA is active on COS with a DP from 2 to 6 [25]. The enzyme catalyzes
mono-deacetylation of (GlcNAc), and it is inactive on GIcNAc monosaccharide. Longer substrates than DP2
are fully deacetylated. However, the deacetylation rate exhibits a counter-intuitive relationship with the DP
of the substrate: odd-numbered COS (DP5, DP3) have higher apparent rate constants than even-numbered
oligomers (DP4, DP2). For the DP6 substrate, time-course monitoring of products formation reveals that
the first deacetylation event occurs at random positions except for the reducing end, which reacts much
slower to yield the fully deacetylated end product [Dy].

Podospora anserina (PaCDA). The filamentous ascomycete Podospora anserina lives as a saprophyte
on herbivore dung [97]. It has a limited lifespan and it is a model organism in cell aging studies [98].
PaCDA was identified in a search for CDAs containing chitin binding domains. The enzyme has been
recombinantly expressed in Hansenula polymorpha as a full length protein composed of the CE4 domain
flanked by two CBM18 domains [26]. The low activity of the enzyme on colloidal chitin is significantly
reduced by deletion of the CBM domains, which supports the hypothesis that the presence of the CBMs
helps the enzyme to act on insoluble substrates. PaCDA is active on soluble glycol-chitin, chitosans
with a high DA, and COS, with optimum pH and temperature values of 8.0 and 55 °C, respectively.
It fully deacetylates COS with a DP > 2 and follows a multiple-chain mechanism. With the DP3
substrate, the first deacetylation event has a clear preference for the reducing end, but all possible
isomers are found for both mono- and di-deacetylated intermediate products. With DP4 and DP5
substrates, the residue next to the reducing end is preferentially deacetylated first, with the second
deacetylation occurring mainly next to the existing GIcNH; unit on either side. Deacetylation is faster
for longer substrates, with deacetylation of the reducing end occurring as a late event [26].

Puccinia graminis f. sp. Tritici (PgtCDA). The biotrophic basidiomycete Puccinia graminis f. sp. Tritici is the
causative agent of the stem rust [99]. The appearance of resistant races of P. graminis affecting wheat cultivars
has been recognized as a serious threat to food security [100,101], boosting the interest in understanding the
virulence and defense mechanism of this fungal pathogen. Rust fungi promote the formation of complex
structures in order to invade the plant cells but at the same time they must prevent the triggering of immune
responses [102]. A main transition during infection is from the ectophytically growing appressorium to
the endophytically growing substomatal vesicle; while the former exposes chitin on its surface, the latter
exposes chitosan [47,103]. PgtCDA may not only participate in the chitin to chitosan transition, making
the cell wall less susceptible to host chitinases [104], but also could deacetylate the chitooligosaccharide
products, reducing its elicitor properties [105]. PgtCDA has been recombinantly expressed in E. coli as
a fusion protein with the maltose binding protein (MBP) [54]. Its optimal pH for activity is between
8 and 9 and its optimal temperature is 50 °C. It is not active on insoluble polymers such as «- or $-chitin,
but efficiently deacetylates colloidal chitin, glycol-chitin and chitosans, on which activity increases with
the degree of acetylation. With COS substrates, the minimal substrate is tetraacetylchitotetraose (DP4).
The structure of the products from enzymatic deacetylation of DP4 to DP6 substrates reveals that the
enzyme acts by a multiple-chain mechanism and specifically deacetylates all but the last two GIcNAc units
on the non-reducing end [AA(D), ] [54].

Pestalotiopsis sp. (PesCDA). The endophytic fungus Pestalotiopsis sp. lives inside the tissues of its
plant hosts in tropical areas [106]. To successfully survive in their hosts, endophytes also need to avoid
being detected by the plant immune system. A secreted Pestalotiopsis CDA has been identified when
chitosan was present in the culture medium [49]. The recombinantly expressed PesCDA is active on
colloidal chitin as substrate, chitosans with a DA of 10-60% (higher activity with a higher DA), and COS,
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but inactive on crystalline «- or 3-chitin. When analyzing the activity on COS, tetraacetylchitotetraose
is the minimal substrate. With a DP5 substrate, the optimum pH and temperature values are 8.0 and
55 °C, respectively. Through a multiple-chain mechanism, the enzyme deacetylates all residues of
the substrates except the reducing end and the last two GIcNAc residues from the non-reducing end,
with a pattern of deacetylation [AA(D),, 3A] [49]. The chitosan oligomers obtained from deacetylation
of a DP6 substrate by PesCDA have shown that, as opposed to the fully acetylated oligomer, they are
no longer elicitors of the plant immune system in rice cells [49].

Pochonia chlamydosporia (PcCDA). The ascomycete Pochonia chlamydosporia infects females and
eggs of cyst or root-knot nematodes. It is used as a biocontrol agent against a number of plant parasitic
nematodes in food-security crops [107-109]. P. chlamydosporia expresses chitosanases and chitin
deacetylases during egg infection. Since chitosan is associated with the sites of fungal penetration,
it has been suggested that secreted CDAs are involved in nematode infection [110]. A PcCDA has
been recently characterized [55]. The full-length protein contains the CE4 catalytic domain flanked
by two CBM18 chitin binding domains. The recombinantly expressed PcCDA catalytic domain
deacetylates COS with a DP > 4, with preference for longer substrates. It starts deacetylating the
penultimate residue from the non-reducing end and continues deacetylating the next residue towards
the reducing end, with a pattern of acetylation [ADDA,, 3] [55].

The above described CDAs are well characterized in terms of their deacetylation mode of
action on COS and the structure of their deacetylated products. A number of other fungal CDAs
(Table 1, and below) have also been assayed on COS substrates but, to the best of our knowledge,
the deacetylation pattern of the products has not been reported.

Saccharomyces cerevisiage (ScCCDAL and 2). The S. cerevisine ascospore walls are well ordered
structures with two outer layers that confer spore resistance, one made of 95% chitosan and the
outermost proteinaceous layer rich in dityrosine [44]. Two CDAs are expressed exclusively during
sporulation and are required for spore wall rigidity [38]. Both CDAs have been cloned and expressed
in yeast as glycosylated proteins active on glycol-chitin [38,56], and in E. coli [57] as soluble proteins
with deacetylase activity on glycol-chitin, chitosan (DA 50%) and COS. More detailed characterization
of ScCDA2 expressed in E. coli revealed that at least two GlcNAc residues are required for activity
on COS, with maximum activity on DP6 [57]. When glycol chitin is used as substrate the optimum
temperature for enzyme activity is 50 °C and the pH optimum is 8.0. It has also been shown that the
ScCDAs may act on nascent chitin chains in an in vitro assay system with chitin synthase [56].

Mortierella sp. (MoCDA). Some Mortierella species live as saprotrophs in soil and other
organic materials such as decaying plant leafs, fecal pellets or on the exoskeleton of arthropods,
whereas other species are endophytes [111]. An extracellular CDA was identified [58] and purified from
a Mortierella sp. as a highly glycosylated protein with maximum activity at pH 5.5-6 and 60 °C [112].
MoCDA is active on soluble substrates as chitosans and glycol-chitin but with no detectable activity
on B-chitin, colloidal chitin, and CM-chitin. It is active on COS with a DP > 2, with higher activity
with increasing DP of the substrate. With diacetylchitobiose, only monodeacetylation was observed.
The structure of the deacetylated products from larger oligomers has not been reported.

Absidia sp. (AcoeCDA, AcoryCDA). Absidia strains of Zygomycetes produce chitosan in their
cell wall through the tandem action of chitin synthases and deacetylases. In A. coerulea, chitosan
accounts for 10% of the vegetative cells and the DA reaches 95%. AcoeCDA was purified and proven
to be active on glycol-chitin with a pH optimum of 5 at 50 °C. When the purified enzyme was
incubated with a chitin synthase, it converted 90% of the nascent chitin from UDP-GIcNAc into
chitosan. It deacetylates COS with more than two GlcNAc units, with increasing activity with longer
substrates [43]. Similarly, Absidia corymbifera secretes a CDA active on glycol-chitin and chitosans with
optimum pH and temperature of 6.5 and 55 °C, respectively, and active on COS with DP > 2 [59].

Flammulina velutipes (FvCDA). The basidiomycete Flammulina velutipes (called Enokitake in Japan) is
commercially cultivated and fruited to produce foods with high nutritional value. A CDA that is expressed
at the early stages of fruity body development was recombinantly expressed in Pichia pastoris [60]. F'CDA,
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active on glycol-chitin and colloidal chitin, deacetylates COS from dimer to pentamer, with activity
increasing with the DP of the substrate. The enzyme exhibits the maximum activity at 60 °C and pH 7.

Penicilium oxilicum (PoCDA). An extracellular CDA from Penicilium oxilicum, purified from culture
supernatants, exhibits deacetylase activity on glycol-chitin at pH 9, a common value for extracellularly
secreted CDAs as opposed to intracellular CDAs with typical pH optima in the range of 5 to 7.
PoCDA is active on COS with activity increasing from DP2 to DP5 [61].

Aspergillus flavus (AfCDA). In the search for extracellularly secreted CDAs for industrial applications,
optimization of solid substrate fermentation and submerged fermentation of Aspergillus flavus has been
reported [62,113]. The AfCDA enzyme purified from the extracellular medium has optimal activity on
glycol-chitin and colloidal chitin at pH 8 and 50 °C. When assayed with COS as substrates, AfCDA is
active on DP4 but has no activity on shorter substrates [62].

Scopulariopsis brevicaulis (SbCDA). Scopulariopsis spp. are common soil saprophytes. Few species
have been associated with human diseases, including S. brevicaulis. They are dermatomycotic molds
and mainly have been associated with onychomycosis [114,115]. SbCDA is an extracellular enzyme
that is active on chitin and chitosans. The purified native enzyme is also active on COS with at
least two GlcNAc units, and the activity increases with the DP of the substrate. With DP6, optimum
conditions for deacetylation are pH 7.5 and 55 °C [63].

Rhizopus sp. (RcCDA, RsCDA). Rhizopus species have been screened as CDA producers.
A R. circicans CDA has been cloned and recombinantly expressed in Pichia pastoris [64]. RcCDA has
maximum activity on glycol-chitin at pH 5-6 and 37 °C. On COS, only activity on a DP6 substrate has
been reported. A CDA from Rhizopus stolonifer (or nigricans) has also been isolated as an active enzyme
on glycol-chitin but no activity on COS has been reported [64,116]. Fermentation conditions of other
Rhizopus species as CDA producers are being studied for the bioconversion of chitin to chitosan [117].

Other chitosan producers have been identified and studied as a source of chitosans,
with many reports on screening and fermentation optimization, but the corresponding chitin
deacetylases have not been characterized yet. Some examples include Gongronella butleri [65,118],
Phycomyces blakesleeanus [66,119], and Schizophyllum commune [67].

Cryptococcus neoformans (CnCDA). Cryptococcus neoformans is a dimorphic basidiomycetous human
fungal pathogen that causes cryptococcal meningoencephalitis, particularly in immunocompromised
patients [37]. C. neoformans has substantial chitosan in its cell wall during vegetative growth that is
necessary for virulence and persistence in the mammalian host [120,121]. Three CDAs are predicted to
be GPI-anchored to the cell wall, suggesting that they transverse the plasma membrane or attach to the
cell wall to deacetylate the chitin generated by a chitin synthase as it is extruded through the plasma
membrane [37]. The GPI-anchor of CnCDA2 has proven to be required for membrane association
but dispensable for cell wall association [122]. Activity of C. neoformans CDAs on COS substrates has
not been reported. Interestingly, screening studies to identify cryptococcal antigens that stimulate an
immune response on murine T cell hybridomas reactive with cryptococcal proteins, have shown that
two of the CDAs are immunogenic [123,124].

3.3. Protozoan CDAs

Entamoeba histolytica (EhCDA). Entamoeba histolytica is an anaerobic parasitic amoebozoan
that predominantly infects humans and other primates causing amoebiasis [125]. The genome
contains two putative CDAs, one of which has been cloned and recombinantly expressed in
Saccharonyces cerevisiae [68]. ERCDA deacetylates COS, being active on DP5 and DP6, but with no detected
activity on DP4 [68].

3.4. Bacterial CDAs

The predominant CE4 deacetylases in bacteria are chitin oligosaccharide deacetylases (CODs),
active on low molecular mass COS and essentially inactive on polymeric chitin and chitosans.
These include rhizobial NodB deacetylases and CODs from marine bacteria. But bacterial CDAs
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other than CODs are being discovered from screening programs and data mining of sequenced
genomes and metagenomes, as in the recent case of an Arthobacter CDA.

Sinorhizobium meliloti (NodB). Rhizobial NodB is part of the Nod operon involved in the
biosynthesis of Nod factors, the morphogenic signal molecules produced by rhizobia, which initiate the
development of root nodules in leguminous plants [126]. NodB is active on chitooligosaccharides from
DP2 to DP5 with no differences in keat, but Ky decreases with increasing DP [18,127-129]. Specifically,
Keat/Ky is 5-fold higher for DP5 than for DP2 substrates. DP4 or DP5 substrates are the natural
substrates depending on the Rhizobial strain. SmNodB optimum activity between pH 7 and 8 at
30 °C [18]. NodB is highly specific deacetylating only the non-reducing end residue [DA,, ;] although
traces of a second deacetylation event have been observed upon long incubations [18,130,131].

Vibrio species (VcCDA, VpCDA, VaCDA). Chitin oligosaccharide deacetylases (COD) from
the Vibrionaceae family are involved in the chitin degradation cascades occurring in sea
water [132-135]. They have been identified in many Vibrio species, such as V. algynolyticus [73,136],
V. parahaemolyticus [72,137], V. cholera [70], V. harveyi [138] and others. The V. parahaemolyticus
and Vibrio sp. SN184 CDAs only deacetylate DP2 and DP3 substrates, whereas the Vibrio cholera
chitin deacetylase (VcCDA) has a broader specificity, accepting substrate from DP2 to DP6 [69,70].
VcCDA has a 10-fold higher activity on DP2 than on DP4 [69], and specifically deacetylates the
penultimate residue from the non-reducing end, generating monodeacetylated products with the
pattern [ADA,, ;] [69,70,130].

Shewanella species (SwCOD, SbCOD). In addition to the Vibrio genus, CODs have been recently
identified and characterized from the Shewanella genus, marine bacteria found in extreme aquatic
habitats (low temperature and high pressure). Shewanella sp. CODs share high sequence identity
(50-60%) with Vibrio CODs, and have essentially the same biochemical properties. The S. woodyi
enzyme (SwCOD) contains two CBM12 chitin binding domains at the C-terminus, deacetylates the
reducing end on diacetylchitobiose [AD], and the activity drastically decreases from DP2 to DP4
substrates, with no activity detected on a DP5 substrate [74]. The S. baltica enzyme (SbCOD) contains
a single CBM12 at the C-terminus, it is active of diacetylchitobiose with the same deacetylation pattern
[AD] but it is less active on a DP3 than on a DP4 substrate [75].

Arthrobacter sp. (ArCE4). A bioinformatics search for monodomain and extracellular CDAs in
annotated genomes and metagenomes identified ArCE4 as a CDA from an Arthrobacter species [76],
a Gram-positive bacteria known to grow on chitin and secrete chitinases [139-141]. ArCE4 is active
on chitosan (DA 64%), acetylxylan, and insoluble chitin. It also deacetylates COS substrates with DP
> 2. The activity increases with increasing DP, with higher activity against DP5 compared to DP6.
As shown with the DP5 substrate, the enzyme follows a multiple-chain mechanism where different
mono- and di-deacetylated products are obtained. Whereas the first deacetylation occurs at all three
internal positions, di-deacetylation mainly takes place at the GIcNAc unit next to the reducing end
and at either of the two other internal units (ADDAA and ADADA). The final products have a pattern
of acetylation [D, ;A], where the reducing end unit is not deacetylated [76].

4. Structural Determinants of Activity and Specificity

Structural analysis of CE4 enzymes with solved 3D structure have been recently reviewed [142],
comparing and highlighting the differences between the different subfamilies based on substrate
preferences. Here we focus and summarize the current knowledge on the structure and specificity
of CDAs as a subfamily of CE4 enzymes. The closer similarity and activity on the same substrates
provides a framework to analyze the structural determinants responsible for the different modes of
action that lead to different patterns of deacetylation in their products.

4.1. 3D Structures

Some CDAs are mono-domain proteins and some others have a multi-domain architecture
composed of the CE4 catalytic domain (or NodB homology domain), and several other domains, such as
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carbohydrate binding modules (CBMs [143]) and domains with unknown function. The function of
the CBMs is not clear and might be diverse depending on the biological role of each enzyme in its
organism. In extracellular CDAs acting on the cell wall chitin, they may facilitate solubilization and
access to the substrate (i.e., PaCDA with two CBMs, where deletion of one or both confirmed their
proposed function in supporting the enzymatic conversion of insoluble chitin [26]). In CDAs acting
on low molecular weight COS, the CBMs may be involved in enzyme localization. This is the case of
COD enzymes from marine bacteria (Vibrio and Shewanella species), where the small substrate does not
span out of the active site, and the CBMs might bind to chitinous material in order to keep the COD
activity close to the site where COS are generated by the action of chitinases.

The first CE4 enzymes with 3D structure determined by X-ray crystallography were the
peptidoglycan deacetylases BsPdaA [144] and SpPgdA [145], and the first CDA was that from
Colletotrichum lindemuthianum (CICDA) [53]. Currently, only five CDAs in the CE4 family have known
3D structure (Figure 2). The CE4 catalytic domain is characterized by a distorted (3 / «)g barrel fold.
The distorted barrel, which often lacks one of the «f3 repeats of regular TIM barrels, creates a groove
into which the extended polymer substrate binds [144,146,147]. Seven or eight parallel -strands form
the B-barrel surrounded by «-helices. In addition, a series of loops decorate the 3-barrel and make up
the majority of the carbohydrate binding pocket as discussed below.

CICDA(21W0) ArCE4 (5LFZ)

P «
g Jgr- LW
A.a: AE "

VeCDA(4NY2) VpCOD (3WXT) SpPgdA (2C1G)

Figure 2. 3D structures of CDAs determined by X-ray crystallography. Loops 1 to 6 colored as
in Figure 3. The peptidoglycan deacetylase SpPgdA is also included for comparison (see text). In
parenthesis, PDB accession codes.

4.2. The NodB Homology Domain and Conserved Active Site Motifs

The multiple sequence alignment of the CE4 domain for the CDAs listed in Table 1 was guided by
the structural superimposition of the available X-ray structures (Figure 2) and is presented in Figure 3.
Compared to most of the CDA members, the VcCDA enzyme has substantially longer insertions, and it
was key to defining the loops that differentiate CDAs and shape the binding site cleft of these enzymes.
Sequences of enzymes without structural date were incorporated into the alignment by means of
Hidden Markov Model comparisons. As seen in Figure 3, the conserved motifs and non-conserved
insertions are evenly distributed along the sequences of CDAs.
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The conserved motifs are related to enzymatic activity (Motifs 1 to 5) and are typically located at
the center of the active site structure. The non-conserved insertions correspond to both un-structured
and structured loops of variable length, sequence, and geometry that surround the active site.
These loops are numbered from Loop 1 to Loop 6 in the sequence alignment (Figure 3). As discussed
in Section 4.5, they are key elements in determining the substrate specificity of different CDAs.

As members of the CE4 family, CDAs share the =150 aa-long NodB homology domain
(CE4 domain). This region is defined by five conserved motifs that, according to the order they appear
in the sequence, are named Motif 1 to Motif 5. These consensus motifs were first proposed in 2005 by
sequence alignment of representative enzyme members of the CE4 family when the 3D structure
of the peptidoglycan deacetylase SpPgdA was solved [144]. Motif 1 (TFDD) is highly conserved in
CDAs and contains the general base aspartate (first D) and the metal-binding aspartate (second D).
Motif 2 (H(S/T)xxH) is a zinc-binding motif, where the two His residues bind the metal cation and
the Ser or Thr residue forms a hydrogen bond with the second His, stabilizing the local conformation
of the loop-shaped motif. These two His from Motif 2 plus the metal-binding Asp from Motif 1 are
often designated the His-His-Asp metal-binding triad of CE4 enzymes. Motif 3 (RxPY) forms one of
the sides of the active site groove and establishes stabilizing interactions with other active site residues.
Motif 4 (DxxD(W/Y)) forms the other side of the active site groove, including a hydrophobic residue
exposed to the solvent and a buried Asp. Motif 5 (I(V/I)LxHD) contains the catalytic general acid
His residues and a Leu, which is part of a hydrophobic pocket that accommodates the acetate methyl
group of the substrate.

4.3. Phylogeny of CE4 Chitin Deacetylases

Based on the above multiple sequence alignment, a clustering of the CE4 domain sequences
of characterized CDAs based on phylogenetic analysis is presented in Figure 4. This is a reduced
phylogenic analysis limited to the CDAs with reported activity on COS as listed in Table 1. Fungal and
bacterial CDAs are clearly segregated in two clades, with a protist CDA (EXCDA) located between
both groups.

Fungal enzymes from organisms belonging to different phyla (Zygomycota, Basidiomycota,
and Ascomycota) are distributed throughout the fungal clade. Within the clade, CDAs appear grouped
in two clusters related with their biological function. The first cluster contains orthologous CDAs of
different phyla known to have a role in cell wall chitosan biosynthesis at different stages of the fungal
cell cycle, such as MrCDA during cell wall formation [42], CnCDAs during vegetative growth [37],
or ScCDAs during sporulation [38,44]. Although there is no experimental proof of their biological
function, the CDAs from Gonglonella, Phycomyces, as well as those from Rhizopus are likely to be also
involved in cell wall formation due to their location in the same cluster of the phylogenetic tree and their
taxonomic classification (mucorales inside the Zygomycota phylum). Regarding the cellular location
of the enzymes in this cluster, most of them are secreted to the periplasm or are GPI-anchored to the
cell wall, where they are coupled with chitin synthases for chitosan biosynthesis. The second cluster
is mainly composed of extracellular CDAs that participate in host infection, either as a defense
mechanism to prevent the elicitation of host defense mechanisms (PgtCDA, PesCDA), or involved in
the interaction with the host or as a virulent factor (CICDA, PcCDA). Extracellular CDAs involved in
cell autolysis (AnCDA) also fall in this group.

Most of the bacterial enzymes included in the alignment are chitin oligosaccharide deacetylases
(COD) and are more distantly related to the fungal CDAs. These form a different clade in the
phylogenetic tree (Figure 4). The enzymes from marine bacteria (Vibrio and Shewanella species) are
clustered together with high sequence similarity and have similar biological functions and biochemical
properties. NodB has a more distant relationship with the other CODs.
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Figure 4. Phylogenetic analysis of CDAs from the multiple sequence alignment presented in Figure 3.
A bootstrap analysis with 500 replicates was carried out on the trees inferred from the neighbor joining
method. The consensus tree is shown with bootstrap values at each node of the tree. Biological functions:
cell wall biosynthesis: (a) cell wall, (b) vegetative growth, (c) sporulation; host infection, (d) defense,
(e) interaction/infection, (f) autolysis (see text).

4.4. Catalytic Mechanism

CDA enzymes operate by metal-assisted acid/base catalysis. The general mechanism was
first proposed for the peptidoglycan GIcNAC deacetylase SpPgdA when solving its X-ray structure [144]
and short after supported by the 3D structures of the acetylxylan esterases SIAxeA and CtAxeA [148].
The catalytic machinery involves the conserved active site motifs containing the metal-binding triad
and the general acid and base residues. Only the structures of four different CDA have been solved
up to date (Colletotrichum, Aspergillus, Vibrio, and Arthrobacter CDAs, Table 1), all consistent with the
proposed metal-assisted mechanism. VcCDA was the first CE4 enzyme for which the 3D structure of
enzyme-substrate complexes were solved by X-ray crystallography [69]. The structure of complexes of an
inactive mutant (at the general base Asp residue) with diacetylchitobiose (DP2) and triacetylchitotriose
(DP3) in productive binding for catalysis showed that a sugar hydroxyl group of the substrate also
participates in metal coordination. Specifically (Figure 5), the Zn?* cation is coordinated by the imidazole
nitrogens of His97 and His101, the carboxylate group of Asp40, and the O7 atom of the N-acetyl group
and O3 hydroxyl of the GIcNAc ring. The distorted octahedral coordination is completed by a water
molecule. Upon activation, this water molecule is proposed to be the nucleophile responsible for removal
of the N-acetyl group. Just recently, a second structure of an enzyme-substrate complex has been reported
for the Arthrobacter sp. CDA (ArCE4) [76]. The diacetylchitobiose ligand bound into the active site also
shows the same type of interactions with the conserved active site residues.

The proposed mechanism of CDAs and related CE4 enzymes is shown in Figure 5. In the
first step, metal coordination polarizes the carbonyl amide of the substrate which reacts with the
nucleophilic water molecule activated by the general base (Asp), leading to a tetrahedral oxyanion
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intermediate. Next, protonation of the nitrogen group of the intermediate by the general acid (His)
facilitates C-N bond breaking with release of acetate and the generation of a free amine in product.
Kinetic evidence for an oxyanion tetrahedral intermediate and significant charge development at the
first transition state was provided by Hammett linear free energy correlations using the CICDA enzyme
with a-haloacetamido substrate analogues [53]. In most of the enzymes, the catalytic acid and base
residues are part of two conserved “charge relay” side chain pairs that may contribute to modulate the
pKa of the catalytic residues [53,144]: the catalytic base (Asp) is tethered by a conserved Arg from MT3
(RxxPY) and the catalytic acid (His) is tethered by a conserved Asp from MT4, DxxD(W/Y).

D39 D39 D39
(0] $:o ¢}
HoT. 0 Ho7- d HOT. 9
7§\ H < 4 ~ b
\
HN\;N\ \O‘H H\Ny_ﬂ;g H295 HN\?N\ u LNriee  H295 HN\%N\ IO,H H\Nv_me H295
P N LS N SRy
N % . R S o) + o L
/\(O—;x:\z,np_;(i H_N§/NH /%Ox\\\zﬁz;)( H_N§/NH (0NN - '_: NVNH
Do O N N—H ~— b o N N—H <— w0 o N—H
[\ Ho OR N\ Ho OR N\ wo OR
N) 0o o N) /o o N) 0 O
H101 H R’ OH H101 H R OH H101 H R OH

Figure 5. Metal-assisted general acid /base mechanism proposed for CE4 deacetylases. Scheme based
on the 3D structure of the enzyme-substrate complex VcCDApzgs-DP2 [61]. D39 is the general base
and His295 is the general acid.

4.5. Determinants of Substrate Specificity

The series of crystal structures of the Vibrio cholerae chitin oligosaccharide deacetylase (VcCDA or
VcCOD) reported in 2014 [69] were the first 3D structures of a CE4 enzyme in complex with substrates.
These data provided a first insight into structure-function relationships for this family of enzymes and
highlighted the role of the loops that shape the binding site cleft in substrate binding. Recently by the
end of 2017, the 3D structure of an Arthrobacter sp. CDA (ArCE4) in complex with substrate has also
been reported [76]. Albeit sharing the same molecular function, both enzymes represent two different
scenarios regarding the binding site topology and, hence, substrate specificity. VcCDA has a rather
closed binding cleft and is highly specific for monodeacetylation of COS, whereas ArCE4 has a more
open binding cleft and is able to fully deacetylate their COS substrates (Figure 6). A comparative
structural analysis of both enzyme structures has been recently reviewed [142].

4.5.1. VcCDA. Long Loops and High Specificity

Currently available structures of VcCDA include the unliganded form of the enzyme and the
binary complexes with N-acetylglucosamine (DP1), diacetylchitobiose (DP2), and triacetylchitotriose
(DP3). These structures revealed two significant observations: a series of non-conserved loops
(labeled Loop 1 to 6 in Figures 3 and 6) that shape the binding cleft, and the dynamics of the loops that
assemble the active site for catalysis [69].

In all structures, the substrate is confined in a small binding cleft that is shaped by a series
of long loops surrounding the active site (see Figure 6A for the VcCDA-DP3 complex). Given the
topology of VcCDA protein surface, the binding of longer COS is prevented because these loops
cap both the reducing and non-reducing ends of the substrate. Indeed, the catalytic efficiency of
VcCDA drops substantially on oligomers longer than DP2 [69] and attempts to solve the structure of
VcCDA bound to substrates longer than DP3 in a catalytically competent mode have been unsuccessful.
Another consequence of this constricting topology is the high specificity of VcCDA to exclusively
deacetylate the penultimate residue from the non-reducing end of the substrates. There is no room
for the ligand to slide along the binding cleft, thus it can only accommodate one GlcNAc unit of the
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oligomeric chain at the catalytic site where deacetylation takes place. The binding of substrates induces
a conformational change of Loop 4 from an open conformation in the unliganded enzyme to a closed
conformation in the enzyme-DP2 complex or a semi-closed conformation in the enzyme-DP3 complex.
It is triggered by a staking interaction between a Trp residue located in apical site of Loop 4 and the
GlcNACc unit at the catalytic center, locking the substrate in the active site in the proper orientation
for catalysis.

A] VeCDA-DP3

B)

Figure 6. 3D structures of enzyme-substrate complex. (A) VcCDA with DP3 substrate and (B) ArCE
with DP2 substrate. Loops 1 to 6 are colored as in Figure 3.

4.5.2. ArCE4. Short Loops and Broad Specificity

In contrast to VcCDA, the crystal structure of ArCE4 in complex with diacetylchitobiose [76]
reveals a flatter protein surface with the substrate bound to a more open binding cleft (Figure 6B).
Even though the enzyme was co-crystalized with tetraacetylchitotetraose (DP4), only two GlcNAc
units are observed in the structure. This indicates a weak binding of part of the COS substrate on this
flat topology of the protein surface. The catalytic center in both enzymes is in the same position with
respect to the protein core, being the main difference, the size and shape of the loops surrounding the
active site. Since the binding cleft is more open, the enzyme can accommodate longer COS. Indeed,
the enzymatic activity of ArCE4 increases as the length of the chitin oligomer chain increases. The lack
of protein caps at either the reducing and non-reducing ends of the substrate can also explain the
multiple-chain mechanism proposed for this enzyme. Deacetylation takes place at all GIcNAc units of
the substrate (except the reducing end) because it can freely bind to ArCE4 in different binding modes
exposing different GIcNAc units of the oligomeric chain at the catalytic site.
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4.5.3. The Subsite Capping Model

The diversity of deacetylation patterns exhibited by chitin deacetylases and related CE4 enzymes
can be attributed to the differential accessibility of the linear chitin oligosaccharide chain to the separate
subsites along the substrate binding cleft of their structures. Considering all CE4 enzymes with reported
activity on polymeric chitin or COS, these can be classified into two groups. One group is represented
by general chitin deacetylases (CDA), and a second group is formed by chitin oligosaccharide
deacetylases (COD). The two structures of the enzymes-substrate complexes described above are
reference models for the protein surface topologies and substrate binding mechanisms of these
two groups: CDAs (ArCE4) and CODs (VcCDA). These two structures provide a unified view of
the determinants of substrate specificity in chitin deacetylases in terms of the “subsite capping model”
proposed in [69]. According to this model, substrate accessibility is affected by the length, shape,
and dynamics of a series of loops surrounding the active site of CE4 enzymes. These loops are
numbered from 1 to 6 and their location in the sequences and structures of CDAs and CODs is
highlighted in Figures 2 and 3.

The group of CDAs bears short loops, and their structures exhibit a flat and open binding
cleft. The substrate binding mechanism in this group of enzymes may be similar to that described
for the reference structure of ArCE4. According to the model, the substrate may be able to slide
along the binding cleft or to bind in different modes resulting in processive or multiple-chain attack
mechanisms of deacetylation. This can already be anticipated for CDA enzymes of known structure
(Figure 2) because the flat protein surface is already evident, but also for CDA enzymes of unknown
structure given the similar sequence lengths of the loops evidenced in the alignment (Figure 3).
This could be an explanation of why CDA enzymes in general are not specific for the deacetylation at
a single N-acetylglucosamine unit. However, the patterns of deacetylation differ among the different
CDAs. The surface charge distribution along the binding cleft and other structural features yet to
be disclosed may also participate in defining the mode of action and deacetylation pattern by each
particular enzyme.

On the contrary, the group of COD enzymes bears longer loops and their structures have narrower
binding pockets and buried active sites. According to the subsite capping model, the substrate is
constrained to bind in very specific binding modes resulting in single-site deacetylations. This is the
case for the reference structure of VcCDA in complex with substrates, but it can also be anticipated for
other COD enzymes for which the 3D structure is still unknown. For instance, Loop 6 in RmNodB
is longer than in other CDAs. This loop is located on the non-reducing end site of the binding cleft
and may cap the accessibility of the substrate after subsite 0 (the catalytic site) thus defining the
deacetylation specificity for the non-reducing end of the substrate. Likewise, the Shewanella CODs
have a Loop 6 with the same length than the Vibrio CODs, but shorter than NodB, and both exhibit the
same mono-deacetylation specificity for the penultimate GlcNAc residue from the reducing end of
the substrate.

For most CDAs, the reducing end of the substrate is not deacetylated, or it is the least reactive
GlcNACc unit. As seen in the ArCE4-DP2 complex 3D structure [64], binding to the +1 subsite seems
to be dominated by the stacking interaction of the GIcNAc unit of the substrate with a Trp in Motif 4
at the beginning of Loop 4. This aromatic residue is highly conserved (MT4, DxxD(W/Y), Figure 3).
CDA enzymes having this aromatic residue prefer a sugar bound in the +1 subsite; they do not
deacetylate the reducing end of their substrates, as it is the case for ArCE4, PesCDA [89] and PcCDA [95],
or the reducing end is the slowest position to be deacetylated, as shown for CICDA [49] and AnCDA [12].
On the contrary, P¢gtCDA, which deacetylates the reducing end GIcNAc unit of all substrates from
DP4 to DP6, lacks the +1 aromatic residue [89]. Different is the case of Vibrio and Sewanella CODs that
have the equivalent aromatic residue in a slightly different position after a two-amino acid insertion in
the MT4 motif, and it is located farther in Loop 4 (Figure 3). In the VcCDA enzyme this loop moves
from an open to a closed conformation upon substrate binding, and the same is expected for the other
closely related CODs that have the same Loop 4 size. As a consequence of the induced fit, the Trp
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residue now establishes a stacking interaction with the GIcNAc unit in subsite 0. DP2 is the preferred
substrate for this group of COD enzymes, and it is deacetylated at the reducing end [62].

Gaining further structural information of protein-ligand complexes of CDA and COD enzymes,
and other CE4 in general, will contribute further to decipher the structural and sequential determinants
of substrate specificity in this family of enzymes. This will pave the way to the rational design or
discovery of novel CDA with controlled specificities on the deacetylation of oligomeric and polymeric
chitin for the biotechnological production of chitosans and paCOS with defined patterns of acetylation.

5. Application of Chitin Deacetylases

5.1. Targets for Antifungals

Fungal infections have an enormous impact on human health. Fungi are generally opportunistic
pathogens affecting immunocompromised individuals including those with AIDS, receiving
immunosuppressive drugs or undergoing cancer treatments. The cell wall is a meaningful
target for antifungal therapies. Current major classes of antifungal drugs target cell membrane
ergosterol biosynthesis (azoles), ergosterol function by disrupting membrane integrity (polyenes),
or 1,3-B-glucan synthase preventing the formation of the cell-wall structural polysaccharide
1,3-p-glucan (echinocandins) [149]. New targets to overcome the emerging drug resistance by
pathogenic fungi are becoming critical to treat life-threatening fungal infections. Other promising
targets are the so called cell wall proteins (CWP) which mediate important cellular processes, including
adhesion, invasion, biofilm formation and flocculation [122]. In fungal chitosan producers, chitin
deacetylases are a class of CWP and potential targets for drug design. Cryptococcus neoformans, one
of the most deadly pathogens, requires chitosan for virulence. Lack of chitosan in the cell wall has
detrimental consequences in fungal growth and results in the complete loss of sporulation [120,121].
Thus, CDAs represent a promising target for anticryptococcal therapeutics [37,120], but no CDA
inhibitors have been reported yet.

In pathogenic plants, major strategies to prevent fungal pathogenesis are related to the inhibition
of fungal chitinases, which are required for chitin remodeling in the cell wall [150-152]. Different types
of chitinase inhibitors have been reported, including potent natural inhibitors such as allosamidin [153]
and the cyclic pentapeptides argifin and argadin [154]. However, inhibition must be selective so
as not to interfere with the plant chitinases involved in triggering the plant defense mechanisms.
Another potential and promising strategy is the inhibition of extracellularly secreted fungal CDAs since
they constitute a defense mechanism to evade the plant immune system, as discussed in Section 3.2.
As in the case of human fungal pathogens, no inhibitors have been yet reported against CDAs from
plant pathogenic fungi.

5.2. Biocatalysts for the Enzymatic Production of Chitosans and paCOS

Chitosans can be found in a large number of applications in such distant areas as agriculture,
cosmetics, water treatment, medicine and the food industry [155-159]. In addition to chitosan polymers,
their oligomers (paCOS) have also proven to have relevant potential applications in agriculture and
pharmaceutical industries [160]. The physicochemical and biological properties of chitosans and
paCOS have been shown to be strongly dependent on their degree of polymerization and their degree
of acetylation [161,162]. Many of the identified CDAs arose from screening programs addressed to find
efficient biocatalysts to overcome the current industrial chitosan production by highly concentrated
alkali treatment of chitin. Some examples include CDAs from Mortiriella sp. [58], Rhizopus sp. [117],
or Gongronella sp. [118].

Chemical methods for the production of COS and paCOS are based on chemical depolymerization
of chitosan [163,164], total synthesis of chitosan oligomers [165,166], partial chemical deacetylation
of fully acetylated COS, or chemical re-N-acetylation of glucosamine oligomers based in two-step
procedures or one-pot synthesis [167-169]. The drawbacks of chemical strategies are the unwanted
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side reactions and the randomness of the chemical reactions. Current efforts are addressed to develop
enzymatic routes for COS and paCOS production with defined DP, DA, and PA.

Enzymatic approaches include depolymerization of chitin or chitosan polymers using hydrolytic
enzymes, chitinases and chitosanases, enzymatic polymerization by transglycosidation using
transglycosylating hydrolases, and enzymatic de-acetylation and re-acetylation of chitin oligomers
using chitin deacetylases, strategies recently reviewed in [170]. Based on the current knowledge on the
specificity of a number of fungal and bacterial CDAs, recent reports have combined enzymes with
different specificities to have access to a large family of paCOS with defined structures. The first proof
of concept was to show that two specific CODs, NodB and VcCDA, each accept the monodeacetylated
product from the other, leading to specific di-deacetylation, and that both enzymes can work in
a one-pot process [130]. Recently, the use of different recombinant CDAs from bacterial and fungal
origin to produce all of fourteen possible partially acetylated chitosan tetramers combining different
enzymatic deacetylations and enzymatic N-acetylations has been reported [171] (Figure 7).

1
/ADAA
AAAA S

3 1
\™ AaDA 2 X, ADAD

DAAD

Figure 7. Production routes of all possible chitin and chitosan tetramers using 4 different CDAs to
specifically deacetylate or N-acetylate paCOS. A: GIcNAc, D: GlcNHj. Blue arrows, deacetylation
reactions, red arrows, N-acetylation reactions in the presence of excess acetate.

The production of paCOS using in vivo strategies is an alternative to increase the scalability of
the process. The first example towards a more general cell factory approach for the in vivo synthesis
of paCOS was based on NodB deacetylase. By in vivo studies with Escherichia coli expressing different
combinations of the nodABCS genes of Azorhizobium caulinodans, Nod factor intermediates were
identified, as well as the sequence of the biosynthetic steps [172]. The nod gene cluster encodes a series
of enzymes, which include the NodC chitin oligosaccharide synthase that produces fully acetylated
chitin oligomers, the NodB chitin oligosaccharide deacetylase that deacetylates the non-reducing end
unit, the NodA N-acyl transferase that transfer a fatty acid chain to the free amine group, and the NodS
N-methyl transferase. Further transformations by other nod proteins elaborate the final Nod signaling
factors [173]. In a first cell factory approach, high density cells of E. coli expressing nodC or nodBC
genes produced in high yield (up to 2.5 g/L) penta-N-acetyl-chitopentaose and its deacetylated
derivative tetra-N-acetyl-chitopentaose, which were easily purified by charcoal adsorption and
ion-exchange chromatography [174]. The strategy was further extended to the production of
sulfated and O-acetylated derivatives of these two compounds by coexpressing nodC or nodBC
with nodH and/or nodL that encode chitooligosaccharide sulfotransferase and chitooligosaccharide
O-acetyltransferase, respectively [175]. Other Nod analogues have also been generated with further
modifications [176-178]. The cell factory approach, currently limited to one deacelylation pattern
based on the use of NodB, is a promising technology to be developed by incorporating the diversity of
CDAs with different deacetylation patterns in order to access a large family of paCOS and derivatives.
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6. Conclusions

We have here summarized the current knowledge on substrate specificity of fungal and bacterial
chitin deacetylases, their modes of action, and their use as biocatalysts for the production of chitosans
and chitosan oligosaccharides with defined pattern of acetylation. By combining multiple sequence
alignments and 3D structures of enzyme-substrate complexes of representative enzymes, a unified
view of the determinants of substrate specificity is proposed in terms of the “subsite capping model.”
According to this model, substrate accessibility is affected by the length, shape, and dynamics of a series
of loops surrounding the active site of CE4 enzymes. The group of CDAs active on polymeric substrates
and COS bear short loops, and their structures exhibit a flat and open binding cleft. The substrate
may be able to slide along the binding cleft or to bind in different modes, resulting in processive
or multiple-chain attack mechanisms of deacetylation. Other structural features not yet disclosed,
such as the charge distribution along the binding cleft may also participate in defining the mode of
action and deacetylation pattern by each particular enzyme. The group of COD enzymes active on
low molecular mass COS bear longer loops and their structures have narrower binding pockets and
buried active sites. The substrate is constrained to bind in very specific binding modes resulting in
single-site deacetylations.

But a deeper knowledge on substrate specificity requires further structural information of
protein-ligand complexes of CDA and COD enzymes in order to decipher the structural and sequential
determinants of substrate specificity in this family of enzymes aimed at the rational design or discovery
of novel CDAs with controlled specificities on the deacetylation of oligomeric and polymeric chitin for
biotechnological applications.

Although CDAs have been proposed as targets for antifungal drugs, no specific inhibitors have
been yet reported. This is an open field that deserves attention not only for drug design but also to
probe the signaling function of CDAs and CODs through their specific deacetylation of COS substrates.

Applications of CDAs and CODs as biocatalyst are currently being developed as a novel
methodology to produce partially acetylated COS with tailored patterns of acetylation. Since not all
patterns for COS of different sizes are yet available, enzyme discovery and protein engineering offer
new opportunities for the biotechnological production of chitosans and paCOS with defined patterns
of acetylation.
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Abbreviations

AXE Acetylxylan esterase

An (GlcNAc)n

CDA Chitin deacetylase

COs Chitooligosaccharides

Dn (GleNHy)n

DA Degree of acetylation

Dpr Degree of polymerization
GIcNAc N-acetylglucosamine

PA Pattern of acetylation
paCOS Partially acetylated chiton oligosaccharides
PDB Protein data bank
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Abstract: Chitin/chitosan, one of the most abundant polysaccharides in nature, is industrially
produced as a powder or flake form from the exoskeletons of crustaceans such as crabs and shrimps.
Intriguingly, many bacterial strains in the genus Citrobacter secrete a soluble chitin/chitosan-like
polysaccharide into the culture medium during growth in acetate. Because this polysaccharide shows
strong flocculation activity for suspended solids in water, it can be used as a bioflocculant (BF). The BF
synthetic pathway of C. freundii IFO 13545 is expected from known bacterial metabolic pathways to
be as follows: acetate is metabolized in the TCA cycle and the glyoxylate shunt via acetyl-CoA. Next,
fructose 6-phosphate is generated from the intermediates of the TCA cycle through gluconeogenesis
and enters into the hexosamine synthetic pathway to form UDP-N-acetylglucosamine, which is
used as a direct precursor to extend the BF polysaccharide chain. We conducted the draft genome
sequencing of IFO 13545 and identified all of the candidate genes corresponding to the enzymes in this
pathway in the 5420-kb genome sequence. Disruption of the genes encoding acetyl-CoA synthetase
and isocitrate lyase by homologous recombination resulted in little or no growth on acetate, indicating
that the cell growth depends on acetate assimilation via the glyoxylate shunt. Disruption of the gene
encoding glucosamine 6-phosphate synthase, a key enzyme for the hexosamine synthetic pathway,
caused a significant decrease in flocculation activity, demonstrating that this pathway is primarily
used for the BF biosynthesis. A gene cluster necessary for the polymerization and secretion of BF,
named bfpABCD, was also identified for the first time. In addition, quantitative RT-PCR analysis
of several key genes in the expected pathway was conducted to know their expression in acetate
assimilation and BF biosynthesis. Based on the data obtained in this study, an overview of the BF
synthetic pathway is discussed.

Keywords: Citrobacter; biosynthesis; bioflocculant; chitosan; metabolic pathway
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1. Introduction

Chitin/chitosan, a polysaccharide consisting of N-acetylglucosamine (GIcNAc) and/or
glucosamine (GIcN) linked through (3-1,4-glycosidic linkages, is one of the most abundant
polysaccharides in nature [1,2]. Although chitin/chitosan is distributed in a wide range of living
organisms [2,3], it is industrially produced from the exoskeletons of crustaceans such as crabs, shrimps,
prawns, lobsters, and krill because waste from food-processing industry provides an abundant source
of this material [2,3]. Due to its useful biological properties (e.g., biocompatibility, biodegradability,
and antimicrobial activity) and chemical modification potentials through its reactive functional groups
(-OH, -NH,, and -COOH) [2,4,5], chitin/chitosan has been used in a wide range of fields including
biomedical, pharmaceutical, food production, and wastewater treatment fields [3,5,6]. However,
time-consuming and costly extraction/purification processes (for the solubilization of chitin and the
removal of proteins, minerals, and colors) are required for the production [3]. In addition, the supply
of the waste depends on seasonal yields of the crustaceans and geographic conditions. Therefore,
as an alternative, the production of chitin/chitosan from microbial sources has been considered and
attempted [7]. In the case of microbial sources, the production can be conducted throughout the year
using biotechnological processes, and the quality of the product is generally stable. The major source of
such chitin/chitosan is fungal mycelia, because the cell walls of fungi contain large amounts of chitin,
and fungal mycelia can be obtained as waste from mushroom production and from the fermentation
industry [3,7]. However, the extraction/purification processes cannot be omitted, although they may
be somewhat simpler than that from the waste of the crustaceans. If chitin/chitosan were secreted by
microbial cultures in a soluble form, its production and the downstream processes for its production
could be greatly simplified.

In 2000, Fujita et al. reported that the enterobacterial strain Citrobacter sp. TKF04, which produces
a bioflocculant (BF) from acetate and propionate [8]. By the chemical analysis, the BF was found to be
a high-molecular-weight (around 320 kDa) polysaccharide consisting of GIcNAc and GlcN, similar
to chitin/chitosan [8]. Infrared spectroscopic analysis showed that it has a very similar structure
to those of commercial chitin/chitosan products [8] and the deacetylation degree was estimated
as 50-60%. Chitinase and chitosanase preferentially degraded it, resulting in significantly-reduced
flocculation activities [8]. Later, Son et al. and Kim et al. also reported similar chitin/chitosan-like
polysaccharide-producing enterobacterial strains, Enterobacter sp. BL-2 and Citrobacter sp. BL-4 [9,10].
Hence, we collected 36 Citrobacter strains from various microbial culture collection centers and
measured their flocculation activities. We found that 21 strains belonging to four species (C. freundii,
C. braakii, C. youngae, and C. werkmanii) showed flocculation activity when grown on acetate [11].
We confirmed that five selected strains with high flocculation activity secreted the chitin/chitosan-like
BF with wide molecular weight distributions (with the peak tops of >1660 kDa in the gel filtration
chromatography) into the culture medium [11]. These results demonstrate that many strains belonging
to the genus Citrobacter have metabolic potential to produce the chitin/chitosan-like BF as a soluble
form from acetate. We are very interested in the chitin/chitosan-like BF biosynthetic pathway.

Based on known bacterial acetate metabolic and peptidoglycan synthetic pathways [12,13],
we expected the BF synthetic pathway of Citrobacter strains to be as follows (Figure 1): acetate is first
converted into acetyl-CoA, which is further transformed into fructose 6-phosphate (Fru 6-P) through
the TCA cycle, the glyoxylate shunt, and gluconeogenesis. Next, Fru 6-P enters into the hexosamine
synthetic pathway (hereafter referred to as the hexosamine pathway) where it is transformed into
UDP-N-acetylglucosamine (UDP-GIcNAc), which is finally used as a direct precursor for the extension
of the BF polysaccharide chain. Unfortunately, little information is available on the polymerization and
secretion of bacterial chitin/chitosan. Recently, we performed the draft genome sequencing of four
Citrobacter strains, including C. freundii IFO 13545. We identified all the candidate genes corresponding
to all the enzymes in the chitin/chitosan-like BF biosynthetic pathway in the 5420-kb genome sequence
of IFO 13545 (Figure 1 and Table 1). To confirm the involvement of the products of these genes in
acetate assimilation and BF biosynthesis, we conducted a gene disruption study involving several key
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genes of the pathway (Figure 1) in which we investigated the effects of the gene disruption of these
genes on cell growth on acetate and on flocculation activity. In addition, through this gene disruption
study, we identified a candidate gene cluster for the polymerization and secretion of the BF and report
it here.

Glucose Acetate

gk ack
GlcNAc 6-P Glucose 6-P €= Glucose Acetate '\r

nagd  glmS 1 pgi } Pyruvate aceCE 1 acs Acetyl P
Fructose 6-P (Fru 6-P) 7 Acetyl Cor ¥
GIeN6-P  fbp 11 kA PEP pck gltA
‘ glmM
Fructose 1,6-P, Oxalo etate C1trate
GIcN 1-P ﬂ)a DHAP mdh
GleNAc § g 124 tpt id t en Malate aceA
_ 15001trate
GleNAc 1-P Glyceraldehyde 3-P fumC aceB”
H ¥ gimU a Glycerate 2-p ~ Fumarate ud
i UDP-GIcNAc 8% y sanB R 2-Oxoglutarate
l Glycerate 1,3-P, gpm A Succmate / sucAB

Peptidoglycan inyl-
P8k ™ Glycerate 3-P sucD Succinyl-CoA

Chitin/chitosan-like bioflocculant

Figure 1. Proposed bioflocculant (BF) synthetic pathway and the genes of Citrobacter freundii IFO 13545
involved in the pathway. Blue arrows and gene names indicate the proposed BF synthetic pathway
and the genes encoding the enzymes involved in this pathway. The genes underlined in red were used
in a qRT-PCR study to determine the level of gene expression in glucose medium (GM) and in acetate
medium (AM). Abbreviations: BF, bioflocculant; GO, glyoxylate; P, phosphate; P, diphosphate; DHAP,
dihyroxyacetone-P; PEP, phosphoenolpyruvate; GIcN, glucosamine; GIcNAc, N-acetylglucosamine.

Table 1. Accession numbers of the registered genes in Citrobacter freundii IFO 13545.

Accession Strain with Homologous Identity at Identity at

No. Gene Enzyme Homologous Gene Accession nt Sequence aa Sequence
. Gene No. Level (%) Level (%)
ABS23554  aceA isocitrate lya E. coli U00096 86 9%
SOC: e lyase MG1655
AB823555 aceB late synth E. coli V00096 84 92
malate syn ase MGlGSS
AB823558 acn aconitate hydratase I E. coli 00096 87 9%
y MG1655
AB823559 acs 1-CoA synthet: E. coli V00096 85 94
acetyl-CoA synthetase MG1655

LC020545 ack acetate kinase E. coli U00096 91 9%

MG1655
AB823580 bfpA PGA export porin C. werkmanii KF057877 91 98

C. freundii
AB823581 bfyB PGA N-deacetylase RN CP007557 90 97

C. werkmanii
AB823582 bfpC PGA synthase R KF057878 94 99
AB823583 bfyD PGA biosynthesis protein C. freundii CP007557 88 95
Y CFNIH1
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Table 1. Cont.

. Strain with Homologous Identity at Identity at
Accession :
No. Gene Enzyme Homologous Gene Accession ntSequence aa Sequence
. Gene No. Level (%) Level (%)
undecaprenyl-phosphate C. freundii
LC020058 opsA glucose phosphotransferase MTCC1658 CPoo7557 86 100
E. coli
AB823561 eno enolase MG1655 V00096 93 97
. E. coli
AB823562 fba fructose bisphosphate aldolase MG1655 V00096 84 97
. E. coli
LC027370 fop fructose 1,6-bisphosphatase MG1655 V00096 96 97
AB823563 fumC fumarate hydratase Salmonella CP007530 81 93
enterica
glucose 6-phosphate E. coli
AB823564 g6pd dehydrogonase MC1485 U00096 86 97
glyceraldehyde 3-phosphate E. albertii
AB823565 gap dehydrogenase KF-1 CP007025 79 91
AB823566 Ik lucokinase E. col U00096 80 93
8 8 MG1655
. E. coli
AB823568 glmM phosphoglucosamine mutase MG1655 V00096 85 96
glucosamine-6-phosphate E. coli
AB823569 glmS synthase MG1655 U0009% 87 95
uridyltransferase/glucosamine- E. coli
AB823570 ghmu 1-phosphate acetyltransferase MG1655 Uooose 8 o1
. E. coli
AB823571 gltA type Il citrate synthase MG1655 U00096 86 9%
E. coli
AB823572 gpmA phosphoglyceromutase MG1655 U00096 88 96
. - E. coli
AB823573 icd isocitrate dehydrogenase MG1655 V00096 88 97
AB823574 mdh malate dehydrogenase E. col U00096 87 97
yerog MG1655
N-acetylglucosamine E. coli
LC363529 nagA 6-phosphate deacetylase MG1655 Uooose 84 o
phosphoenolpyruvate E. coli
AB823577 pck carboxykinase MG1655 U0009% 86 93
. E. coli
AB823579 pfkA phosphofructokinase I MG1655 U00096 87 95
. E. coli
AB823585 pgk phosphoglycerate kinase MG1655 CP007025 79 90
C. freundii
LC020430 pta phosphotransacetylase MTCC1658 EKS56947 98 100
PTS system glucose-specific E. coli
AB823586 PhsG transporter subunits IIBC MG1655 Uo0oss 89 7
AB823587 pyk pyruvate kinase E Iﬂ(lléel‘rtu CP007025 85 95
succinate dehydrogenase E. coli
ABB23588 sdhB iron-sulfur subunit MG1655 100096 8 %
2-oxoglutarate dehydrogenase E. coli
AB823589 sucA E1 component MG1655 U0009% 89 94
dihydrolipoamide E. coli
AB823590 sucB succinyltransferase MG1655 Uooose 87 o
3 succinyl-CoA synthetase E. coli
AB823591 sucD subunit alpha MG1655 U00096 88 95
. ) . E. coli
AB823592 tpiA triosephosphate isomerase MG1655 00096 90 95
LC018665 YjcG acetate permease E. coli strain CP007394 86 9%

ST2747
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2. Materials and Methods

2.1. Bacterial Strains, Media, and Culture Conditions

Two BF-producing strains, C. freundii IFO 13545 (Figure S1) and C. freundii GTC 09479 [11],
were used in this study. Escherichia coli J]M109 (Takara Bio, Kyoto, Japan) was also used as a host for
the construction of recombinant DNA molecules. Acetate medium (AM) (10 g CH3COONa, 0.1 g yeast
extract, 1.0 g (NH4)2504, 1.0 g K;HPOy, 0.05 g NaCl, 0.2 g MgSO,-7H,0, 0.05 g CaCl,, and 0.01 g
FeClz in 1L, pH 7.2) [11] and glucose medium (GM, to which glucose was added at 7.32 g-L~! instead
of acetate in AM to yield the same carbon content in both media) were used for the growth and BF
production by Citrobacter strains, whereas LB medium [14] was used for the cell growth of pre-cultures
and for plasmid preparation. Kanamycin (Nacalai Tesque, Kyoto, Japan) and tetracycline (Nacalai
Tesque) were added to the growth medium at 25 mg-L~! when necessary. The cultivation conditions
were the same as those used in a previous study [11]. Briefly, twenty-five milliliters of each medium
was added to 100-mL flasks that had been sterilized by autoclaving, and the medium was inoculated
with each bacterial strain. Then, the flasks were shaken on a reciprocal shaker at 30 °C and 125 rpm.
For the selection and growth of the g/mS disruptant, LB agar plates containing kanamycin were used
after 50 pL of 10 mM glucosamine 6-phosphate (GlcN 6-P) was spread on the agar surface. GlcN 6-P
was added to the liquid medium to a final concentration of 1 mM.

2.2. Measurement of Flocculation Activity and Determination of Flocculation Titer

Flocculation activity was measured using kaolin suspensions as described previously [11].
A two-fold dilution series of the culture supernatant was prepared with distilled water and the
flocculation activity of each sample was measured. The flocculation titer (Ft) was defined as the fold
dilution that resulted in 50% flocculation activity according to plots of fold dilution vs flocculation
activity; it was calculated using the two data points of the flocculation activities that were closest to
the 50% flocculation activity.

2.3. Preparation of DNA Fragments by PCR for Gene Disruption

Total DNA was extracted from the cells of Citrobacter strains as described previously [11].
The primers used in this study for PCR are listed in Table S1. To disrupt genes in the Citrobacter
strains, we employed a two-step PCR method based on the method of Yamamoto et al. [15]. As shown
in Figure 2a, in the first step of this method, a kanamycin resistance gene cassette flanked by FLP
recognition target (FRT) sequences was amplified from plasmid pKD4 [16] by PCR using the paired
primers pKD4-Km-F and pKD4-Km-R. The 0.5-kb upstream and downstream flanking regions of the
target gene to be disrupted were then amplified using primer pairs corresponding to both regions
(Figure 2b). In the second step, a larger DNA fragment for homologous recombination was amplified
by PCR using the outer primers (Figure 2c, H3 and H4) and the three PCR-amplified fragments as
the templates (Figure 2c). The PCR mixture contained template DNA (50 ng), each primer (10 pmol),
4 pL of ANTP mixture (2.5 mM each), 5 puL of 10 x ExTaq buffer (Takara Bio), and 1.25 U of ExTaq
polymerase (Takara Bio), and dH,O in 50 uL. The thermal program employed was as follows: initial
denaturation at 94 °C for 5 min; 30 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30's,
and extension at 72 °C for 1.5 min for the first-step PCR (Figure 2a,b) or for 2.5 min for the second-step
PCR (Figure 2c); and final extension at 72 °C for 5 min. In these reactions, the following primer pairs
were used: acs-up-F and acs-up-R for the upstream region of acs; acs-down-F and acs-down-R for the
downstream region of acs; aceA-up-F and aceA-up-R for the upstream region of aceA; aceA-down-F
and aceA-down-R for the downstream region of aceA; glmS-up-F and glmS-up-R for the upstream
region of glmS; glmS-down-F and glmS-down-R for the downstream region of glmS; cpsA-up-F and
cpsA-up-R for the upstream region of cpsA; cpsA-down-F and cpsA-down-R for the downstream
region of cpsA; bfpC-up-F and bfpC-up-R for the upstream region of bfpC; and bfpC-down-F and
bfpC-down-R for the downstream region of bfpC (Table S1). For nagA disruption, a one-step PCR
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method was employed, in which nagA-Km-F with the 50-bp upstream flanking region of nagA at the
5" end and nagA-Km-F with the 50-bp downstream flanking region of nagA at the 5’ end (Table S1)
were used to amplify the Km" gene cassette from pKD4. The resulting PCR fragment was used for
homologous recombination after gel purification. The PCR products were analyzed by electrophoresis
using 0.8% agarose gels (L03, Takara Bio).
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Figure 2. Construction of an acetyl-CoA synthetase gene-disruptant (Aacs) from C. freundii IFO 13545:
(a) preparation of a Km" gene cassette from pKD4 (Frag. 1); (b) amplification of the upstream and
downstream regions of the target gene (acs) from the IFO 13545 genome (Frag. 2 and Frag. 3);
(c) preparation of a DNA fragment for gene disruption (Frag. 4) from the amplified three fragments;
and (d) disruption of the target gene (acs) by homologous recombination using Frag. 4. H1, H2, H3,
and H4 indicate specific primers that were used or their sequence regions.

2.4. Gene Disruption by Homologous Recombination

Citrobacter strains were first transformed with the Red helper plasmid pKD119 by electroporation
(the conditions are described below). This plasmid promotes homologous recombination using the
functions of the v, 3, and exo gene products of the A phage [15-17]. Then, a selected transformant
was grown at 30 °C in 100 mL of SOB medium [14] supplemented with tetracycline and L-arabinose
(10 mM) (Nacalai Tesque). The cultured cells were harvested when the culture reached optical density
at 600 nm (O.D.g(p) of 0.6, washed three times with ice-cold 10% (v/v) glycerol, and resuspended in 10%
glycerol solution at O.D.gpp = 12. The PCR products described in the previous section were purified by
electrophoresis, and they were dissolved in a small amount of 10 mM Tris buffer (pH 8.0). The purified
DNA fragments (10-100 ng) were electroporated into the cells (150 uL of the cell suspension) in a
0.1-cm gap cuvette using a Gene Pulser II (Bio-Rad Japan, Tokyo) under the following conditions:
voltage, 2.25 kV; capacitance, 25 uF; resistance, 400 Q). After electroporation, 1 mL of SOC medium
(SOB medium containing 20 mM glucose) was added to the recovered cell suspension and the culture
was incubated at 30 °C with agitation at 150 rpm for 1 h. Aliquots of the culture were spread on LB agar
plates containing tetracycline and kanamycin, and the plates were incubated at 30 °C. The addition of
kanamycin provided the basis for the first selection of the gene-disrupted strains (Figure 2d), and the
addition of tetracycline ensured the maintenance of pKD119 in the cell. The kanamycin resistance
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gene cassette was removed from the genome of each strain using the FLP helper plasmid pCP20
(Figure 2d) [16] when necessary.

2.5. Southern Hybridization

To confirm that the target gene was successfully replaced with the kanamycin resistance gene
cassette (or successfully deleted), Southern hybridization was performed using a G-Capillary Blotter
(TAITEC, Saitama, Japan), a Hybond-N+ membrane (GE Healthcare, Buckinghamshire, UK), and a
DIG-High Prime DNA Labeling and Detection Kit (Roche Diagnostics, Mannheim, Germany) according
to the manufacturer’s instructions [18]. The DNA regions used for the preparation of the probe are
shown in Figure 3c for acs and aceA, in Figure S2c for glmS, and in Figure S3c for bfpC.
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Figure 3. Electrophoresis of EcoRI-EcoRV-digested total DNA of C. freundii IFO 13545 and its
gene-disrupted mutants, Aacs and AaceA (a); corresponding Southern blots (b); and restriction maps
of the regions around acs and aceA in the IFO 13545 genome (c). Lane M: ADNA HindlIII digest
(size marker); Lane 1: Aacs; Lanes 2 and 4: IFO 13545 (wild type); Lane 3: AaceA. A probe based on the
acs sequence was used in Lanes 1 and 2, whereas a different probe corresponding to the aceA sequence
was used in Lanes 3 and 4. The arrow heads indicate the original gene fragments in the wild-type strain.

2.6. Batch Cultivation in a Mini-Jar Fermentor

Batch cultivation of C. freundii TFO 13545 was conducted in 500 ml of AM or GM using a mini-jar
fermenter, NBS BioFlo115 (1.4-L vessel) (New Brunswick Scientific, Edison, NJ, USA) at 30 °C. During
the cultivation, the pH value was automatically maintained below 8.5 in AM by addition of 0.5 M
H,SO4 and above 7.2 in GM by addition of 1 M NaOH. The amount of dissolved oxygen was set at
20% of the saturated concentration and was automatically controlled by a combination of agitation
(<150 rpm) and air supply (<2 vvm). The glucose and acetate in the culture were measured using
enzyme assay kits (R-BIOPHARM AG, Darmstadt, Germany) according to the instructions provided
with the kits.
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2.7. Quantitative Reverse-Transcription-PCR (qRT-PCR)

During the abovementioned batch cultivation, cells were harvested by centrifugation (3000 x

g, 4 °C, 10 min) from 30 mL of each culture at three sampling points during the logarithmic growth
phases. Total RNA was extracted from the cells using a PureLink™ RNA Mini Kit (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The RNA samples were digested
with Dpnl (Takara Bio) under the conditions recommended by the supplier to remove any remaining
host DNA (methylated DNA), followed by qRT-PCR analysis using a One Step SYBR® PrimeScript™
RT-PCR Kit II (Takara Bio) and a Bio-Rad Real-Time PCR system MiniOpticon (Bio-Rad Japan, Tokyo,
Japan). The following primers were used for cDNA synthesis and amplification of the target genes:
aceA-RT-F and aceA-RT-R for aceA, acs-RT-F and acs-RT-R for acs, ack-RT-F and ack-RT-R for ack,
bfpC-RT-F and bfpC-RT-R for bfpC, fba-RT-F and fba-RT-R for fba, fop-RT-F and fbp-RT-R for fbp,
glmS-RT-F and glmS-RT-R for glmS, icd-RT-F and icd-RT-R for icd, pck-RT-F and pck-RT-R for pck,
pfkA-RT-F and pfkA-RT-R for pfkA, ptsG-RT-F and ptsG-RT-R for ptsG, yjcG-RT-F and yjcG-RT-R for
yjcG, and 165-RT-F and 16S-RT-R for the 16S TRNA gene (Table S1). These paired primers were designed
to amplify an approximately 200-bp internal region of each target gene. To check the suitability of the
paired primers for this analysis, amplification of the DNA fragments of the expected size from the total
DNA of IFO 13545 was confirmed in advance by PCR using these paired primers (data not shown). A
typical reaction mixture for qRT-PCR contained template RNA (50 ng), 2 x One Step SYBR® RT-PCR
Buffer 4 (Takara Bio) (12.5 uL), PrimeScript One Step Enzyme Mix 2 (Takara Bio) (1.0 uL), each primer
(0.4 uM), and RNase-free dH,O (up to 25 pL). The thermal program employed was as follows: initial
denaturation at 42 °C for 5 s, and at 95 °C for 10 s; 40 cycles of denaturation at 95 °C for 5 s, annealing
and extension at 60 °C for 30 s; and a melting-curve step. Gene expression level was evaluated as the
relative amount of specific RNA calculated from the qRT-PCR data using the 22T method [19].

2.8. Nucleotide Sequences Registered in the Databases

The genes involved in the acetate assimilation and BF synthesis in C. freundii IFO 13545 are listed
in Table 1. The sequences of these genes have been registered in DDBJ/EMBL/GenBank under the
accession numbers that are shown in the same table.

3. Results

3.1. Putative BF Synthetic Pathway of C. freundii IFO 13545 and Its Related Genes

As described in the Introduction, based on known bacterial carbon metabolic pathways and on
the peptidoglycan synthetic pathway [12,20], we expected the BF synthetic pathway of C. freundii TFO
13545 to be as follows (Figure 1): acetate is metabolized in the TCA cycle and the glyoxylate shunt
via acetyl-CoA; Fru 6-P is generated from TCA cycle intermediates through gluconeogenesis; Fru 6-P
enters into the hexosamine pathway and used to form UDP-GIcNAc, which serves as a direct precursor
for extension of the BF polysaccharide chain. From the genome sequence of IFO 13545, we identified
all the candidate genes corresponding to the enzymes that act during this metabolic pathway (Figure 1
and Table 1). These genes showed 79-98% nt sequence identity (90-100% aa sequence identities
for the encoded proteins) with the corresponding genes of Escherichia coli K-12 MG1655 and with
those of some other enteric bacterial strains (Table 1); the genome sequences of these strains were
previously registered in the DNA databases, and the putative functions of the corresponding genes
had been annotated.

3.2. Effects of the Disruption of Acs or AceA on the Growth of IFO 13545 on Acetate

In Escherichia coli, there are two well-known major routes for the initial conversion of acetate into
acetyl-CoA (Figure 1) [12,21]. In the first route, two enzymes, acetate kinase and phosphotransacetylase,
catalyze two successive reactions that result in the conversion of acetate to acetyl-CoA via acetyl
phosphate. The second route involves direct conversion of acetate into acetyl-CoA by acetyl-CoA
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synthetase. The reactions that occur in the first route are reversible, whereas the latter reaction is
irreversible. To understand the first step in the acetate assimilation of IFO 13545, based on its genome
sequence, a putative acetyl-CoA synthetase gene (acs, 1956 bp) was first disrupted by homologous
recombination, and the gene disruption was confirmed by Southern hybridization. The Southern
blotting revealed that the acs disruptant (Aacs) lacked a 3.2-kb EcoRV-EcoRI-digested DNA fragment,
to which the acs probe hybridized in the wild-type strain (cf. Lanes 1 and 2 in Figure 3b). Although the
disruptant displayed almost the same magnitude of growth on glucose as that of the wild-type strain,
it showed little growth on acetate (Figure 4). This result suggests that IFO 13545 mainly uses the second
route for acetate assimilation. Because Aacs was still able to grow very slowly on acetate, the first route
may exist in this strain and may contribute slightly to acetate assimilation. In fact, two candidate genes
(ack and pta) for acetate kinase and phosphotransacetylase were identified in the IFO 13545 genome
sequence (Table 1) and the gene expression of ack was detected by qRT-PCR analysis as described later.
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Figure 4. Growth of C. freundii IFO 13545 and its acs and aceA disruptants (Aacs and AaceA) on:
glucose (a); and acetate (b). Symbols: circles, IFO 13545 (wild type); triangles, Aacs; squares, AaceA.
This experiment was conducted in triplicate; the averages + standard deviations of the values obtained
are shown.

Next, if the acetyl-CoA that was formed enters into the TCA cycle and is used to make cell
components and energy, the glyoxylate shunt should be used. The glyoxylate shunt includes two
successive enzymatic reactions that catalyze the conversion of isocitrate to glyoxylate and succinate and
then of glyoxylate and acetyl-CoA to L-malate (Figure 1). Passage through the shunt can shortcut two
successive decarboxylation steps in the TCA cycle (from isocitrate to succinyl-CoA via 2-oxoglutarate),
which release two carbon atoms as CO, [12]. Therefore, using the glyoxylate shunt, the carbon atoms
of acetate can be fixed to the cell. To confirm this assumption, a putative gene encoding isocitrate
lyase (aceA, 1317 bp), which catalyzes the first reaction of the glyoxylate shunt, was disrupted in a
manner similar to that described above. Southern hybridization demonstrated that the aceA disruptant
(AaceA) lacked a 3.3-kb EcoRV-EcoRI-digested DNA fragment, to which the aceA probe hybridized
in the wild-type strain (cf. Lanes 3 and 4 in Figure 3b). This disruptant, AaceA, no longer grew on
acetate, although like the wild-type strain it grew well on glucose (Figure 4). This result suggests that
the glyoxylate shunt mainly contributes to the acetate assimilation in IFO 13545.

3.3. Effects of the Disruption of GImS and/or NagA on the Growth of IFO 13545 on Acetate and on Its
Flocculation Activity

Because the chitin/chitosan-like BF of IFO 13545 is composed of GlcNAc and/or GlcN [11],
the precursor of the BF polymer was expected to be UDP-GIcNAc, which can be synthesized through
the hexosamine pathway in the early stage of cell wall (peptidoglycan) biosynthesis (Figure 1) [13].
The starting compound of this pathway is Fru 6-P in glycolysis/gluconeogenesis, which can be
formed from the intermediates of the TCA cycle through gluconeogenesis. In the first reaction of the
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hexosamine pathway, Fru 6-P is converted into GlcN 6-P by GIcN 6-P synthase (Figure 1). A putative
gene encoding GlcN 6-P synthase (g/mS, 1827 bp) was also identified in the IFO 13545 genome sequence
and was found to be coupled with another hexosamine pathway gene, glmU (1368 bp), which encodes
a bifunctional enzyme, GIcN 1-phosphate (GlcN 1-P) transacetylase/GlcNAc 1-phosphate (GlcNAc
1-P) uridyltransferase, in an operon (g/mUS). To examine the effects of the disruption of glmS on
cell growth on acetate and on flocculation activity, glmS was disrupted as described above. After
homologous recombination, we attempted to isolate the glmS disruptant (AglmS) on LB agar plates
containing kanamycin and tetracycline. However, no colonies were obtained in repeated experiments.
We surmised that this disruption could cause a shortage of GIcN 6-P in the cell, resulting in severely
decreased levels of UDP-GIcNAc, the common precursor for peptidoglycan and BF biosynthesis [13].
Thus, GlcN 6-P was added to the surfaces of the LB selection plates. This resulted in the appearance of
several colonies on the plates used for selection of the transformants. Southern hybridization revealed
that glmS had been successfully replaced with the kanamycin resistance gene cassette in these colonies
(Figure S2). The growth of AglmS on acetate (in AM) was almost identical to that of the wild-type
strain (Figure 5a). However, its flocculation activity was only 11.9% of that of the wild-type strain
after 48 h-incubation (Figure 5b), indicating that g/mS contributes significantly to BF biosynthesis.
The remaining activity indicates the presence of alternative routes for supplying amino sugars for
the BF biosynthesis. To identify the alternative routes, we decided to disrupt one possible route in
which GlcNAc taken up from the outside of the cell and recycled from peptidoglycan is assimilated
(Figure 6) [21,22]. The key step in the peptidoglycan recycling and the usage of external GIcNAc for BF
synthesis is conversion of GIcNAc 6-P into GlcN 6-P by GlcNAc 6-P deacetylase, which is encoded by
nagA (Figures 1 and 6). Its candidate gene (1146 bp) was found in the IFO 13545 genome sequence
(Table 1) and disrupted by homologous recombination. The nagA disruption was confirmed by PCR
(data not shown). As shown in Figure 5a, the growth of the nagA-disruptant (AnagA) on acetate was
almost the same as that of the wild-type strain, whereas its flocculation activity was reduced to 36.3%
of that of the wild-type strain (Figure 5b). Thus, nagA disruption affects BF biosynthesis to a certain
extent. We also constructed a double disruptant (AglmSAnagA) by the same procedure to determine the
simultaneous effect of the disruption of both genes on flocculation activity and on growth on acetate.
The double disruptant completely lost flocculation activity (Figure 5b). This result indicates that the
disruption of both genes almost completely blocked the supply of amino sugars for BF biosynthesis.
However, the double disruptant was still able to grow on acetate (Figure 5a), suggesting the possibility
of the existence of other amino sugar supply resources for the growth.

(a) (b)
3.0 40
. i O 24h
i 2 30 M 48h
= = A
S g [
= g 20}
= =
€] = 10} 1
0 |
0 10 20 30 40 50 QS D e
Time (h) ) bo}“\ b‘&% bo}(‘\v@‘%

Figure 5. Growth of C. freundii IFO 13545 and its gImS, nagA, and glmSnagA disruptants (AgimS, AnagA,
and AglmSAnagA) on acetate (a); and their flocculation activities (b). Symbols: circles, IFO 13545 (wild
type, WT); triangles, AglmS; diamonds, AnagA; squares, AglmSAnagA. This experiment was conducted
in triplicate; the averages + standard deviations of the values obtained are shown.
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Figure 6. Amino sugar metabolism, peptidoglycan synthesis and recycling, and the putative
polymerization and secretion mechanisms involved in production of the chitin/chitosan-like
bioflocculant. These pathways and mechanisms are depicted based on information obtained from
published reports [13,21-23]. Blue arrows and gene names indicate the proposed BF synthetic
pathway and genes, respectively. Abbreviations: BF, bioflocculant; GlcN, glucosamine; GlcNAc,
N-acetylglucosamine; MurNAc, N-acetylmuramic acid; P, phosphate; anh, anhydro.

To investigate the effects of the yeast extract used in AM as a supply of amino sugars from
outside the cell, these glmS and/or nagA disruptants were cultivated in AM lacking yeast extract.
Under these conditions, the wild-type strain showed growth almost identical to its growth in AM
(Figure 7a), whereas the single disruptants, AglmS and AnagA, showed considerably slower growth
than they displayed in the presence of yeast extract (Figure 7b,c). The double disruptant failed to
grow in the absence of yeast extract (Figure 7d), suggesting that yeast extract, despite its presence
at a low concentration (0.1 g-L*1 in AM), provides important factors necessary for the growth of
the disruptants. Addition of GIcNAc at 0.2 g-L ! to AM lacking yeast extract greatly improved the
growth of AglmS and AnagA (Figure 7b,c), demonstrating that one of the necessary factors was GIcNAc.
However, the double disruptant showed little growth on acetate even after the addition of GIcNAc
(Figure 7d). The fact that the double disruptant was able to grow in the presence of yeast extract
indicates that yeast extract contains other compounds that support the cell growth (probably other
sugars that can be used in peptidoglycan synthesis).
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Figure 7. Growth of C. freundii IFO 13545 (wild type, WT) (a) and of its glmS, nagA, and glmSnagA
disruptants (AglmS (b); AnagA (c); and AglmSAnagA (d)) in acetate medium containing 0.1 g-L.~! yeast
extract (circles), in acetate medium lacking yeast extract (triangles), and in acetate medium lacking
yeast extract and supplemented with 0.2 g-L~! GIcNAc (squares). This experiment was performed
in triplicate; the averages + standard deviations of the values obtained are shown. Almost all the
standard deviations were within the symbol sizes.

3.4. Identification of Genes that Are Involved in the Polymerization and Secretion of the
Chitin/Chitosan-Like BF

In this gene disruption study, we attempted to identify genes that are involved in the
polymerization and secretion of the chitin/chitosan-like BE, indispensable processes for BF production.
However, limited information about these genes is currently available. From the IFO 13545 genome
sequence, several genes that potentially encode enzymes involved in polysaccharide polymerization
or membrane channel proteins involved in polysaccharide secretion were selected and independently
disrupted by homologous recombination. In this way, we identified two intriguing genes, cpsA
(1413 bp) and bfpC (1332 bp), whose disruption significantly affected the flocculating activity of
IFO 13545. The aa sequence of the cpsA gene product exhibited 99-100% aa sequence identity with
the undecaprenyl phosphate glucose phosphotransferases of several Citrobacter and E. coli strains
(e.g., accession Nos. EKS56046, EOQ22059, and KEL78484), which catalyze the addition of the first
hexose to undecaprenyl phosphate (a lipid carrier) that is anchored at the cell membrane for the
biosynthesis of lipopolysaccharides (LPS) and capsular polysaccharides (CPS) [24,25]. When cpsA was
disrupted by homologous recombination, the flocculation activity of the cpsA disruptant (AcpsA) was
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reduced to 62% of that of the wild-type strain (data not shown), although it grew considerably better
on acetate than did the wild-type strain.

The bfpC gene product exhibited 96-100% aa sequence identity with the putative
glycosyltransferases (polysaccharide N-glycosyltransferases) of several Citrobacter and E. coli strains
that are involved in the biosynthesis of poly-f3-1,6-N-acetyl-D-glucosamine (PGA or PNAG) (e.g.,
accession nos. EEH94348, EHL86151, and KEL79567). PGA is required for the structural development
and integrity of biofilms in a wide variety of Gram-positive and Gram-negative bacteria, and it
has profound effects on host-microbe interactions [26,27]. A bfpC-disruptant (AbfpC) was also
constructed from IFO 13545 by homologous recombination (Figure S3). It showed no flocculation
activity. This result strongly suggests that bfpC encodes a glycosyltransferase that is required for
the BF polymerization. To confirm the importance of bfpC in the BF biosynthesis, a bfpC homolog
in a different BF-producing strain, C. freundii GTC 09479 (99.4% identity with the bfpC of IFO 13545,
nt355104-nt356435 in accession No. AOMS01000025) was also disrupted by homologous recombination.
The GTC 09479 disruptant also showed no flocculation activity. Accordingly, we concluded that this
gene is indispensable for the BF biosynthesis in IFO 13545. Based on the sequence analysis, the bfpC
gene product (BfpC) was determined to belong to the nucleotide-diphospho-sugar glycosyltransferase
family 2 [28]; five aa residues, Asp163, Asp256, GIn?%2, Argzgs, and Trp2%, which are thought to be the
catalytic residues [29], are conserved in this protein.

3.5. Expression of Key Genes Involved in Acetate Assimilation and BF Production in IFO 13545

To determine the expression levels of the abovementioned genes in IFO 13545 cells grown on
acetate or glucose, qRT-PCR analysis was conducted using RNA samples obtained from cells grown
in AM or GM. The RNA samples were prepared from IFO 13545 cells sampled at the early, middle,
and late stages of logarithmic growth during batch cultivation in a mini-jar fermenter (Figure 8).
The genes studied in this analysis were as follows: yjcG, acs, and ack, which encode proteins involved
in the uptake of acetate and its initial conversion into acetyl-CoA; aceA and icd, which encode enzymes
that act at the branching point in the TCA cycle for the glyoxylate shunt; pck, fba, and fbp, which
encode proteins involved in gluconeogenesis; ptsG, pfkA, and fba, which are necessary for glucose
uptake and glycolysis; and glmS and bfpC, which are required for the hexosamine pathway and BF
polymerization, respectively (Table 1). Figure 9 shows the profile of gene expression normalized to the
level of expression of the 165 rRNA gene. The expression levels of yjcG, acs, and aceA were higher in
cells grown in acetate than in cells grown in glucose at the early- and mid-log phases. The expression
of aceA was especially prominent, indicating its strong induction by acetate. This result is in good
agreement with the result from the growth experiments using Aacs and AaceA (Figure 4): the disruption
of these genes negatively affected the growth of the cells on acetate, resulting in no or little growth.
The gene expression level of icd was also high in the acetate-grown cells as well as in the glucose-grown
cells. The contribution of aceA and icd to carbon metabolism at the branching point for the glyoxylate
shunt is discussed later in this work. It is worth noting that an increased level of pck expression for
gluconeogenesis was detected in the acetate-grown cells. In addition, the expression of fba, and fbp
was also higher during the early- and mid-log phases of growth, indicating that gluconeogenesis was
promoted under conditions of acetate assimilation. The expression of bfpC was somewhat higher
in acetate-grown cells than that in glucose-grown cells, whereas the expression of glmS was similar
under the two growth conditions. At the late-log phase, the expression of all of the studied genes in
acetate-grown cells declined, likely due to exhaustion of the carbon source (acetate) (Figure 8a).

In contrast to the results for cells grown in acetate, in the glucose-grown cells, the gene expression
levels of ptsG and ack, which encode a glucose-specific transporter and acetate kinase, respectively,
were very high. Acetate kinase, the ack gene product, is known to produce acetate from acetyl-CoA
during the overflow metabolism (fast unbalanced metabolism) of glucose in E. coli, whereas acetyl-CoA
synthetase scavenges the accumulated acetate [30-32]. Notably, at the late-log phase, a low level of
acetate formed from glucose had accumulated (Figure 8b); at that point, a metabolic adaptation from
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glucose to acetate (as carbon source) could have occurred because the expression levels of yjcG, acs,
aceA, pck, fba, fop and bfpC, which showed higher expression in the acetate-grown cells, increased at the
late-log phase in the glucose-grown cells (Figure 9).
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Figure 8. Changes in substrate concentration, growth, and relative flocculation activity (flocculation
titer, Ft) during the batch cultivation of C. freundii IFO 13545 in: AM (a); and GM (b). Arrows indicate
the sampling points of the cultures for qRT-PCR analysis (early-, mid-, and late-log phases in Figure 9).
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Figure 9. Relative gene expressions in the cells of C. freundii IFO 13545 grown in AM (on acetate) (a) or
GM (on glucose) (b) compared to that of the 16S rRNA gene. The cells were grown in AM or GM and
harvested at O.D.gpp = 0.52, 1.15, and 2.00 (early-, mid- or late-log phase, respectively). RNA samples
were extracted from the cells and qRT-PCR was conducted using specific paired primers for each gene
(Table 1). The average =+ the standard deviation of the values obtained in three repeated experiments is
shown. The relative amounts of RNA from the 165 rRNA gene in AM were 3.27 x 1072 (early), 2.63 x
10~2 (mid), and 3.88 x 1072 (late), whereas the amounts in GM were 3.39 x 1072 (early), 2.11 x 1072
(mid), and 3.35 x 1072 (late).

4. Discussion

In this study, to identify the BF synthetic pathway and the genes associated with this pathway in
C. freundii IFO 13545, several key genes from the expected pathway were independently disrupted by
homologous recombination. The poor growth of Aacs on acetate (Figure 4b) suggested that acetate
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is mainly converted into acetyl-CoA by acetyl-CoA synthetase (Acs). The higher gene expression
level of acs observed in the acetate-grown cells compared to the glucose-grown cells (Figure 9) also
supports this hypothesis. The acetyl-CoA that is formed from acetate can be easily metabolized in
the TCA cycle. At the branching point in the TCA cycle for the glyoxylate shunt, isocitrate lyase
(ICL, the aceA gene product) and isocitrate dehydrogenase (IDH, the icd gene product) compete for
the same substrate, isocitrate (Figure 1). The level of expression of aceA in the acetate-grown cells
was very high, and expression of this gene appeared to be strongly induced by acetate, as indicated
by the gene expression study (Figure 9). Unexpectedly, the expression level of icd was also high
in the acetate-grown cells. Thus, in the presence of acetate, both enzymes may be present in large
amounts in the same cell. In E. coli, ICL has a much lower affinity for isocitrate (Ky, = 604 uM) than
IDH (K = 8 uM) [12]. If this is the case, major carbon flux tends to flow into the TCA cycle side
(to 2-oxoglutarate) at the branching point. However, in E. coli, the activity of IDH is regulated by
its reversible phosphorylation by IDH kinase/phosphatase, which is encoded by aceK in the aceBAK
operon [12]. This operon was also detected in IFO 13545 (data not shown). Concomitant-up-regulation
of aceA and aceK by acetate (>10-fold compared to by glucose) has been reported in the gene expression
profiling studies of acetate-grown E. coli using DNA microarrays [33]. Therefore, in cells grown on
acetate, IDH is always inactivated by phosphorylation even if a large amount of IDH protein exists in
the cell, and most carbon flux flows into the glyoxylate shunt. Based on the data, we obtained on the
growth of AaceA on acetate (Figure 4) and on the gene expression of aceA (Figure 9), this may occur in
the IFO 13545 strain.

Our qRT-PCR analysis of pck, fbp, and fba expression revealed that gluconeogenesis is greatly
promoted in the acetate-grown cells. In addition, the disruption of g/mS caused a noticeable decrease
in flocculation activity, suggesting that the major BF synthetic pathway involves gluconeogenesis
and the hexosamine pathway. Kim et al. conducted proteomic analysis of acetate metabolism in the
polyglucosamine (PGB-2)-producing strain Citrobacter sp. BL-4 and found that 124 proteins were
produced only in the acetate metabolism; these proteins included Acs, which acts during acetyl-CoA
biosynthesis, and ICL, which acts in the glyoxylate shunt [34]. This result is reasonable and in good
agreement with our results. Those authors also detected GlcN 6-P synthase (the g/mS gene product,
GImS), which functions in the hexosamine pathway. However, in IFO 13545, the gene expression level
of glmS in acetate-grown cells was relatively low compared to that in glucose-grown cells. One possible
explanation for this is that amino sugar formation by GImS is always necessary for peptidoglycan
synthesis irrespective of the carbon source. However, the reaction catalyzed by GImS may be a
limiting step for BF biosynthesis by IFO 13545. Son et al. hypothesized that the genes associated
with the hexosamine pathway (glmU, glmS, and glmM) are essential for the production of microbial
polyglucosamine PGB-1 in Enterobacter sp. BL-2, and they introduced additional g/mS copies (as a
pBBRIMCS-2-based plasmid) into the BL-2 strain by conjugation to strengthen the pathway [9,35].
The resulting BL-2S strain produced a 1.5-fold more PGB-1 compared than the wild-type BL-2 strain.
This strategy has been used to enhance the production of GIcNAc/GlcN by recombinant E. coli
strains [36,37]. Therefore, this strategy would be a promising way to improve BF production by IFO
13545. In addition to glmS, we showed that nagA is also very important for growth and BF biosynthesis
in IFO 13545 because it enables the cells to utilize amino sugars from outside the cell, and probably
from the peptidoglycan recycling. By disruption of nagA and glmS, we showed that yeast extract can act
as an amino sugar supply source in these disruption mutants. Based on the above results, the overview
of the BF synthetic pathway from acetate (acetate assimilation, gluconeogenesis, and hexosamine
pathway) was confirmed, although it will be important to complete the biochemical characterization
of each enzyme step according to this pathway.

In this study, we searched for the genes involved in the polymerization and secretion of BF in
the genome of IFO 13545. Currently, two major bacterial CPS/EPS biosynthesis systems, the Wzy-
and ABC transporter-dependent CPS/EPS biosynthesis systems, are recognized [25]. We identified
many gene clusters for ABC transporters in the IFO 13545 genome; however, based on sequence
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homology, those genes appeared to encode proteins that function in the transportation of amino acids
and low-molecular weight ions from the sequence homologies (data not shown). We also found
a gene cluster encoding a typical Wzy-dependent polysaccharide synthesis system that occupies
over 20 kb in the genome; this cluster is very similar to the gene cluster that encode the enzymes
involved in colanic acid biosynthesis in E. coli [38]. Some of the genes in the gene cluster encoding a
W2zx homolog (flippase) and a Wza homolog (outer membrane channel protein) were independently
disrupted, but this did not affect the flocculation activity of the disruptants; it was similar to that
of the wild-type strain. We then identified bfpC, which is clustered with three other genes, named
bfpA (2460 bp), bfpB (2019 bp), and bfpD (504 bp) as bfpABCD. These genes are transcribed in the
same direction in that order. bfpA and bfpB are separated by a 12-bp gap and the stop codon of
bfpB overlaps with the start codon of bfpC. Although bfpD lacks a typical start codon ATG coding
for methionine, its tentative start codon, GTG, also overlaps with the stop codon of bfpC. These
observations indicate that bfpABCD forms a single transcriptional unit (an operon). The bfpABCD gene
cluster is similar to the pgaABCD gene cluster of Escherichia coli K-12 MG1655, which is involved in
the biosynthesis and secretion of poly-f3-1,6-N-acetyl-D-glucosamine (PGA) [23,39], although the
sequence identities of the gene products encoded by bfpABCD and pgaABCD are relatively low.
The bfpABCD gene products showed 44.5%, 52.3%, 67.2%, and 26.2% aa sequence identities with
the corresponding pgaABCD gene products. The predicted functions of the pgaABCD gene products
are as follows: PgaA is an 807-aa outer membrane protein that functions in the translocation of PGA;
PgaB is a 672-aa polysaccharide N-deacetylase that is required for PGA deacetylation; PgaC is a 441-aa
N-glycosyltransferase that is required for PGA polymerization; and PgaD is a 137-aa inner membrane
protein that likely functions as a helper protein for PgaC [23]. Based on the available information on
the functions of the pgaABCD gene products, we expected that the mechanisms of the polymerization
and secretion of the chitin/chitosan-like BF are as shown in Figure 6. We performed the disruption
of bfpA, bfpB, and bfpD in the same manner as for bfpC. All of these disruptions resulted in complete
loss of the flocculation activity in IFO 13545 (data not shown). In addition, a trial, in which bfpABCD
was introduced into the bfpC disruptant via an E. coli expression vector, resulted in the recovery of
the flocculation activity (data not shown). Therefore, the bfpABCD genes are likely to encode proteins
necessary for the polymerization and secretion of BF. As described above, Kim et al. conducted a
proteomic analysis of the PGB-2-producing strain Citrobacter sp. BL-4 [34]. However, those authors did
not identify pgaABCD- and bfpABCD-related gene products as acetate-induced proteins. Our qRT-PCR
analysis indicated that the gene expression level of bfpC is not so high (Figure 9). Therefore, this gene
cluster would not be found out without this gene disruption study.

Supplementary Materials: The following material is available online at www.mdpi.com/2073-4360/10/3/237/s1:
Figure S1. SEM images of Citrobacter freundii IFO 13545, which is a Gram-negative rod-shaped bacterium that is
phylogenetically very close to Escherichia coli; Figure S2. Electrophoresis of EcoRV-digested total DNA of C. freundii
IFO 13545 and its glmS-disrupted mutant (AglmS) (a); corresponding Southern blots (b); and restriction maps of
the regions around g/mS in the genomes of IFO 13545 and the disruptant (c). Lane M: 1-kb DNA ladder (size
marker); Lane 1: IFO 13545 (wild type); Lane 2: AglmS; Figure S3. Electrophoresis of AflII-EcoRI-Sphl-digested
total DNA of C. freundii IFO 13545 and its bfpC-disruptant (AbfpC) (a); corresponding Southern blots (b); and
restriction maps of the regions around bfpC in the genomes of IFO 13545 and the disruptant (c). Lane M: ADNA
HindlIIl digest (size marker); Lane 1: IFO 13545 (wild type); Lane 2: AbfpC; Table S1: Oligonucleotide primers used
in this study.
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Abstract: Marine resources are well recognized for their biologically active substances with great
potential applications in the cosmeceutical industry. Among the different compounds with a marine
origin, chitin and its deacetylated derivative—chitosan—are of great interest to the cosmeceutical
industry due to their unique biological and technological properties. In this review, we explore
the different functional roles of chitosan as a skin care and hair care ingredient, as an oral hygiene
agent and as a carrier for active compounds, among others. The importance of the physico-chemical
properties of the polymer in its use in cosmetics are particularly highlighted. Moreover, we analyse
the market perspectives of this polymer and the presence in the market of chitosan-based products.

Keywords: chitin; chitosan; chitosan derivative; chitin derivative; oral care; skin care; hear care;
marine resources; over-the counter-drug; polymer carrier

1. Introduction

A cosmetic is defined as any substance or preparation intended to be placed in contact with the
various external parts of the human body (epidermis, hair system, nails, lips and external genital
organs) or with the teeth and the mucous membranes of the oral cavity with a view exclusively
or mainly to cleaning them, perfuming them, changing their appearance and/or correcting body
odours and/or protecting them or keeping them in good condition [1]. That means that cosmetics are
intended to be applied outside the body and no treatment against any specific disease can be claimed.
These types of products are strictly regulated by different governmental agencies.

The term cosmeceutical was first coined by R.E Reed in 1962 [2]—Reed’s definition included
four statements related to the idea of an increase in the quality of cosmetic products, which are included
in the cosmetic industry nowadays (Table 1).

Table 1. Statements included in Reed’s cosmeceutical definition.

(i) A Cosmeceutical is a scientifically designed product intended for external application to the human body
(ii) A Cosmeceutical produces a useful and desired result

(iii) A Cosmeceutical has desirable aesthetic properties

(iv) A Cosmeceutical meets rigid chemical, physical and medical standards

Nowadays, the use of the term cosmeceutical is widespread [3-6] with a different meaning that
was established by Klingman in 1993 [7]. Cosmeceuticals are intended to carry out their functions
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as protection, whitening, tanning, anti-wrinkling, deodorants, antiaging and nail and hair care as
a cosmetic product but cosmeceuticals claim to have biologically active ingredients with medicinal or
drug-like benefits. In this new vision, the term cosmeceutical suggests that drugs and some cosmetics
could share some possible borders which generates some controversial [8]. Cosmeceuticals include
not only high-quality cosmetics as defined by Reed but also some prescription drugs such as topical
retinoids, topical minoxidil, eflornithine and over-the-counter-drug (OTC) included in sun creams
and antiperspirants.

Although it is claimed that a new regulation is needed to differentiate cosmeceuticals from
cosmetics or drugs, these products have not been legally recognized yet. In fact, a consensus definition
does not exit.

Since the antique, natural resources are well known as a source of biologically active substance
to be used as cosmetics or cosmeceutical products. In recent years, much attention has been paid to
marine resources as a new source of inexpensive and safe substances. Moreover, environmental issues
are one of the main driven factors in the growing of this type of ingredients.

Table 2. Some potential cosmeceutical ingredients from marine resources and their use [9,10].

Ingredient Source Activity/Use
Aleinate Texture and emulsion stabilizer Vehicle
& for controlled delivery Thickening agent
Fucoidans Seaweed (brown a]gae) Wound—healing
Phlorotannin Sunscreen and antioxidant activities
Fucoxanthin UV protective and antioxidant activities
Carrageenan Viscosity altering
8ee Seaweed (red algae) Thickening agent
MAAs Antioxidant
Ulvans Seaweed (green algae) Antioxidant
UVB protection
Glycogen Mussel Moisturizing
Aluminium silicate Sea mud Absorbent
Squalene Shark Skin lubrication
Vehicle for controlled delivery
Chitin Crustaceans shells Antiaging
Skin protecting
Vehicle for controlled delivery
Antimicrobial
Chitosan Crustaceans shells Antioxidant
Emulsifying
Skin protecting

MAAs: Mycosporine-like amino acids.

Form the active ingredients shown in Table 2, this review is going to focus on chitin, chitosan
and their derivatives. Chitin is one of the most abundant polysaccharides found in nature which is
widely distributed in the animal and vegetal kingdom. It appears in the exoskeleton of invertebrates
such as crustaceans, mollusc or insects. Chemically chitin is a copolymer of N-acetylglucosamide and
glucosamide. Chitosan is the N-deacetylated derivative of chitin which is only found in some fungi
in nature. Chitosan is industrially produced from chemical N-deacetylation of chitin isolated from
crustaceans. The main difference between chitin and chitosan is its solubility. Chitin is insoluble in
aqueous media while chitosan is soluble in acidic aqueous systems being this property the criteria to
differentiate chitin from chitosan [11]. Chitin and chitosan can be chemically modified using simple
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chemical tools producing a large number of derivatives with different properties that will be described
in this review.

2. Target Organs for Cosmetics Products

Chitin and chitosan can be used in different body sites such as skin, hair, gums and teeth. In this
section, a brief anatomical description and the main problems/illness related to these body sites are
described to better understand how chitin and chitosan can be used. In Figure 1, a brief description of
these body structures is shown.

C
Fpidermis * Comeal layer
Crown " Granular layer
|*| Basal layer
Neck » Surface vascular plexus
Dermi
Roct » Nerve ending
)™ Sweat gland
Hypodermis ¥ i
#i» Sebaceus fat

Figure 1. Target organs for cosmetic and cosmeceutical products. (A) Gums and tooth, (B) hair and
(C) skin. Adapted from Wikipedia Commons (authors: KDS4444, Human tooth diagram-en.svg CC-BY-SA
4.0, Madhero88, Skinlayers.svg CC-BY-SA 3.0).

2.1. Gums

The periodontium is made up of four parts, namely tooth sockets (dental alveoli), periodontal
ligament, cementum and gums (gingivae).

Gums, a soft connective tissue covered with mucous membrane, are found in the oral cavity that
surrounds the necks of the teeth and adjacent alveolar bone (Figure 1A). The teeth are connected with
the walls of the tooth sockets and anchored in the jaws by the periodontal ligament and the cementum.
Each tooth consists of a hard shell that surrounds a cavity of soft tissue, known as pulp. The crown
(the exposed part of the shell) is coated with a tough layer of enamel, beneath which is a layer of
a yellowish substance similar to ivory, called dentin. The dentin and pulp form long, pointed roots
that extend into the jawbone.

The gum tissue inflammation, known as gingivitis, causes the gum slightly detaches from the
neck of the tooth. The space created between the tooth and the gum can then deepen to form a pocket
where bacteria can rapidly build up. Gingivitis can be visible as bleeding gums but often does not
cause any symptoms. Gingivitis can lead to periodontitis, an inflammation of the periodontium due
to specific microorganisms that attacks the gums as well as the bone of the jaw. The presence of
any of the 6-12 bacteria species responsible for the majority of the bacterial periodontitis can start
periodontitis [12]. Advanced periodontitis can cause teeth to become loose and fall out or require
them to be removed. It is very remarkable that illnesses related to the oral cavity are not only an
aesthetic problem but also a serious health problem. The scientific evidence has shown a direct link
between periodontal disease and cardiovascular disease [13]. The relationships between periodontal
disease and other non-communicable diseases (hypertension, diabetes mellitus, osteoporosis, cerebral
infarction, angina pectoris, myocardial infarction and obesity) have also been evaluated. This study
demonstrated that the presence of periodontal disease is associated with a significantly elevated risk
of non-communicable diseases in the Korean adult population, especially obesity, osteoporosis and
angina pectoris [14].
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2.2. Teeth

Dental caries and tooth wear are the main factors related to mineral lost and enamel
demineralization. Dental caries is defined as a localized chemical dissolution of the tooth surface
caused by metabolic events that occur in the dental plaque (biofilm that grows on surfaces within
the mouth) [15]. The role of Streptococcus mutans is well recognized in the initiation of dental caries
being attributed at least, in part, to its ability to colonise the tooth surface. Therefore, factors which
prevent oral bacterial attachment to tooth are of considerable interest for the prophylaxis of this
infectious disease.

Tooth wear is every mineral lost non-related to dental caries or dental trauma. Tooth wear can be
produced by physical tooth-to-tooth contact (attrition), other physical contacts non-related to teeth
(erosion) or chemical dissolution of tooth substance caused by acids, unrelated to the acid produced
by bacteria in dental plaque [16]. Dental abrasion is a particularly worrying process in primary
teeth, because the enamel layer in primary teeth is quite thin and, therefore, abrasions are frequently
observed. With the age, the permanent teeth also accumulate dental abrasion. Dental erosion produces
bulk mineral loss with a partly demineralized surface of reduced micro-hardness. Moreover, in early
stages, coronal dentin often is exposed. The primary objective goal of active ingredients against dental
erosion is to increase the resistance of tooth surfaces or pellicles to acids.

Several approaches including physical dental plaque remonition, use of antimicrobials and the use
of fluorides are used to manage dental care. Caries-prophylactic agents may be delivered to the oral
cavity by various delivery formulations (vehicles) such as mouth rinses, sprays, dentifrices, gels, chewing
guns, lozenges and sustained-release formulations or devices (including nanoparticles/microparticles
and functionalized films) which different characteristics are described in Table 3.

Table 3. Delivery formulations used in oral care.

Vehicle Characteristics
Mouth rinses Simplest vehicle formulation
Compatible with most antimicrobial agents
Sprays Relatively small doses to achieve efficacy
Good compliance
Easy usage
Dentifrices Complex formulation

Possible interaction among components
Tooth brushing with a dentifrice is a well-adopted habit

Gels Thickened aqueous system
Non-abrasive
No foaming agents
Compatible with relevant antimicrobials
Specific devices are needed for applications

Chewing gum/lozenges Larger contact time
Stimulated salivary secretion
Useful for patients with low tooth-brushing compliance

Sustained-release formulations/devices Long-term effect
The efficacy is independent of patient compliance

2.3. Hair

Hair is mainly composed of a protein called keratin. The second most abundant component are
lipids, mainly ceramides. These lipids avoid the interfibre friction which is related to the sensory
perception of hair. Hair shaft structure is very complex and consists of several concentric layers
known as medulla, cortex and cuticle (Figure 1B). The medulla is the innermost layer, it is soft and
fragile. Its function is unclear not appearing in some types of hair. The cortex is formed of elongated
cells aligned along the axis of the fibre and it is filled with keratins that are arranged in a coiled-coil
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configuration. The cortex is responsible for the mechanical strength of hair and it controls water uptake.
Moreover, the cortex contains melanin which accounts for hair colour.

Finally, the cuticle, the outer covering layer, is a thin laminar-like structure composed of layers
of overlapping, flat, scale-like cells acting as a protective hair sheath. The cuticle is responsible for
hair hydrophobicity since it is covered with a single molecular layer of lipids that makes the hair
repels water.

Several factors account for hair protein denaturalization such as UV-exposition, heat stress from
curling irons and blow dryers, chlorine, harsh chemicals in colouring, straightening and perming.
Hair care products need to fulfil several requisites as summarized in Table 4.

Table 4. Hair care products requisites.

Low stickiness
Lack of powdering or flaking
Preferably being clear
Preferably transparent
Preferably glossy
Good film formation
Good holding power
High level of style retention
Prolonged curl retention
Improved combability
Easily removed upon washing the hair

2.4. Skin

The human’s largest body organ is the skin. The surface area of adults is about 1.6 m? (female)
to 1.8 m? (male) [17]. The skin is composed of three layers: epidermis, dermis and hypodermis
(Figure 1C) [18]. In the epidermis, there are five sublayers called stratum corneum, stratum lucidum
stratum granulosum, stratum spinosum and stratum germinativum or stratum basale. The stratum basale,
the deepest layer, is primarily made up of basal keratinocytes. These cells divide to form the
keratinocytes of the stratum spinosum, which migrate superficially in a journey that takes approximately
fourteen days and become flat, keratenised, water resistant dead cells of the corneum. At the transition
between the stratum granulosum and the stratum corneum, cells secrete lamellar bodies (containing lipids
and proteins) into the extracellular space. This results in the formation of the hydrophobic lipid
envelope responsible for the skin's barrier properties. The stratum corneum forms a barrier to protect
underlying tissue from infection, dehydration, chemicals and mechanical stress. Desquamation,
the process of cell shedding from the surface of the stratum corneum, balances proliferating keratinocytes
that form in the stratum basale.

The dermis is the structure beneath the epidermis, it is approximately 15 to 40 times as thick as
the epidermis and it is composed of three layers (papillary layer, subpapillary layer and reticular layer).
The components of the dermis comprise the fibrous tissue and the dermal matrix formed by cells in the
interstitial components. Interstitial components are a dense network of structural proteins. Collagen fibres
account for 70% of the weight of dry dermis; elastic fibres are composed of elastin. In between fibres
and between cells a gelatinous amorphous substance called ground substance is observed. This matrix is
mainly composed of proteoglycans and glycoproteins. The dermis is responsible for the skin’s elasticity
and the senses of touch and heat.

The hypodermis or subcutaneous tissue is the layer between the dermis and the fascia and consist
of a fat-rich tissue. The fat tissue acts to preserve neutral fat, cushion against external physical pressure,
retain moisture and generate heat.

Three functions have been described for the skin: protection, regulation and sensation. The skin
offers a protective barrier against harmful environmental factors, such as heat, solar ultraviolet (UV)
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irradiation, infection, injury and water loss. However, lifestyle and environmental factors cause both
cosmetics and dermatological problems.

There are two primary skin ageing processes, intrinsic and extrinsic. Intrinsic skin ageing depends
on genetic background, therefore seems to be inevitable and not subject to modification through
changes in human behaviour. On the contrary, extrinsic ageing is caused by environmental factors
such as light, heat, cold, etc. and therefore can be altered by modifying our style life.

Skin cosmeceuticals have been developed after research on common skin problems like
hyperpigmentation, skin cancer, skin microbial infections, wound healing and wrinkles associated
with sun damage and ageing (Figure 2) [19].

Cancer

Wrinkles Pigmentation

SKIN
PROBLEMS

Skin
microbial
infections

Wound
healing

Figure 2. Major worldwide skin problems.

3. Chitin, Chitosan and their Derivatives in Cosmetics and Cosmeceutical Industry

Chitin exhibits low solubility and it is quite difficult to handle. On the contrary, chitosan is soluble
in acid aqueous solutions and can easily produce different conformations such as micro, nano and
milli particles, films, scaffolds and fibres among others [20]. Oligosaccharides and some chitin and
chitosan derivatives are water soluble at physiological pH and exhibit improved or even new properties.
When taking into consideration the use of chitin, chitosan and derivatives in cosmetics one should keep
in mind that these polymers can act as ingredients due to their specific properties or as a carrier of other
active ingredients due to their technological properties.

The cosmetic ingredients are on the EU market regulated over Cosmetic Product Regulation
adopted in 2009 [21]. CosIng is the European Commission database for information on cosmetic
substances and ingredients (http://ec.europa.eu/growth/tools-databases/cosing/, last accessed
23 January 2018). A search using the term chitosan on this database retrieved 44 results while 8 results
were retrieved with the term chitin.

According to Coslng database, the functions assigned to chitin are abrasive and bulking whereas the
functions assigned to chitosan are film forming and hair fixing. A large number of functions, which will
be described in this review, are identified for different chitosan derivatives. It is remarkable that not
all activities and derivatives discussed in this review are included in CosIng database. Besides CosIng,
this paper includes data from research journals and patents. Moreover, beyond the properties described
in Coslng, other relevant biological properties of interest for the cosmeceutical can be found in chitin,
chitosan and derivatives such as antifungic and wound healing activities, bio-adhesivity, non-toxicity and
biodegradability [22].

3.1. Chitosan and Derivatives in Oral Healthcare

The use of chitosan has been proposed in all fields of dentistry including preventive dentistry,
conservative dentistry, endodontics, surgery, periodontology, prosthodontics and orthodontics [23].
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In this review, we are going to focus on the use of chitosan in preventive oral care. Oral healthcare is
focused on preventive dentistry which aim is to avoid dental and gums illness.

In Figure 3, a summary of the activity of the polymers in oral healthcare and the type of product
tested is shown. In this section, a description of each activity and its relationship to the physicochemical
properties of the polymers, when possible, is given.

VEHICLE:

Toothpaste
Mouthrinse
Dental vanishes
Chew-gums

Oral

ACTIVITIES: Healthcare CARRIER:
Buffering mouth pH NaF
Antimicrobial :

Herbal extracts

Biofilm adsorptioninhibitor .
chlorhexidine
anti-abrasive

Figure 3. Use of chitosan and derivatives in preventive oral healthcare.

3.1.1. Reduction of Dental Plaque

Dental caries started via a carbohydrate fermentation process due to bacteria metabolism, in which
the production of strong organic acids such as lactate, formate and pyruvate cause demineralization of
the tooth surface. It has been reported that the optimum pKa value for buffering substances against
plaque pH fall in vitro maybe around 6.3 [24]. This value falls in the pKa range of chitosan which
is found around 5.1 and 6.5 depending on the chitosan M,, and degree of acetylation (DA). It has
been described that pKa decreases with chitosan M,, while decreased with acetylation degree [25].
The effect of six low molecular weight chitosans (500-3000 Da) with acetylation degrees ranging
from 0.05-0.5 were tested in vitro and in vivo for dental plaque pH reduction [26]. Evaluations using
S. mutans cell suspensions in vitro revealed no differences among chitosan samples regarding their
ability to reduce pH fall in dental plaque. Moreover, chitosan samples did not have any influence on
the glycolytic activity of S. mutans. The clinical evaluation showed differences between the different
chitosan samples. The most effective sample was a chitosan with a molecular weight of 3000 kDa and
DA of 0.5. The second ranked had a M,, of 500 Da and DA of 0.05.

Another strategy to control dental plaque is the use of molecules with antimicrobial activity.
The gold standard to avoid dental plaque and gingivitis is chlorhexidine gluconate (0.2%) due to its
strong antimicrobial activity against S. mutants. However, this product has several side effects such as
tooth staining, alteration in taste perception, changes in tongue sensitivity and pain due to the alcoholic
content of the oral rinse. Moreover, chlorhexidine gluconate has a strong effect against S. mutants but
little effect against other bacteria presented in dental plaque. Therefore, there is a great interest in
new products with wide antimicrobial activity against oral pathogens with fewer side effects than
chlorhexidine gluconate.

Chitosan has a wide antibacterial activity and therefore its activity against other bacterial strains,
besides S. mutants, related to dental caries has been evaluated by several authors [27-30].

The evaluation of chitosan’s antimicrobial action mechanism testing two chitosan samples (624 kDa,
DA < 0.25 and 107 kDa, DA 0.15-0.25) showed that both MWs acted upon the bacterial cell wall and
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were not capable of interacting with the intracellular substances, showing little to non eflocculation
capability [29]. In Table 5, the reported minimal inhibitory concentration (MIC) values from different
chitosan samples against different oral pathogen are summarized. In general, the higher the Mw of the
polymers the lower was the MIC value. The exceptions were P. buccae and P. intermedia. Against P. Buccae
the lower was chitosan’s M,, the lower was the MIC; while against P. intermedia the lowest MIC was
observed with medium My, chitosan samples.

The antimicrobial activity of chitosan (low M, DA < 0.15) and chitosan nanoparticles against
S mutans, S sobrinus, S sanguis and S salivarius was tested. The MIC of chitosan nanoparticles was lower
in some strains than the MIC of chitosan [31]. This result is in good agreement with previous results
that showed a better antimicrobial activity of chitosan nanoparticles when comparing to chitosan due
to their small size [32]. The anti-inflammatory activity of chitosan nanoparticles was also studied [33].
This study showed that chitosan nanoparticles exerted a predominantly anti-inflammatory activity by
modulating PGE2 levels through the c-Jun N-terminal kinases (JNK) pathway.

No antimicrobial activity was detected against S. sanguis, S. gordonii, S. constellatus, S. anginosus,
S. intermedius, S. oralis, S. salivarius and S. vestibularis when low-molecular-weight produced by
enzymatic chitosan depolymerisation was tested [34]. This result is contradictory to the previous one
in which low Mw is claimed to exhibit antimicrobial activity against S. sanguis. In this case, authors
did not describe properly the chitosan characteristics. Other authors have found that chitosan gels did
not exhibit antimicrobial activity per se against A. actinomycetemcomitans and S. mutans but no data
regarding chitosan properties were included in this paper [35].

Table 5. Effect of chitosan M, and deacetylation degree on minimum inhibitory concentrations (MIC)
against oral pathogens [27-30].

Chitosan Properties

Bacterial Strain MIC mg/mL
My, kDa DA
1400 0.2 0.08
s tant 1080 0.14 25
i 624 <025 3
107 0.15-0.25 5
1080 0.14 25
P. intermedia 624 <0.25 1
107 0.15-0.25 3
Pb 624 <0.25 3
- puccae 107 0.15-0.25 1
. 624 <0.25 1
T forythensis 107 0.15-0.25 3
1080 0.14 25
A. actinomycetemcomitans 624 <0.25 5
107 0.15-0.25
1080 0.14 0.5
624 <0.25 1
P. gingivalis 272 0.05 3.8
272 0.16 3.8
272 0.27 3.6
107 0.15-0.25 1

MIC: minimum inhibitory concentration. DA: Acetylation degree.

Besides antimicrobial activity, other chitosan effects such as cell stimulation and biofilm adsorption
inhibition have been reported. Chitosan (1080 kDa, DA 0.14) stimulated the proliferation of human
periodontal ligament cells [27]. Chitosan micro and nanoparticles were well tolerated by gingival
fibroblasts and were able to stimulate cell proliferation through the Ras-Erk-ETS 1/2 (ERK1/2) signalling
pathway. Furthermore, it was hypothesized that a synergistic response between chitosan particles and
growth factors (such as PDGF-BB) may stimulate cell proliferation in gingival fibroblasts [36].
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The inhibition of S. mutant’s attachment to hydroxyapatite (HA) and saliva-treated hydroxyapatite
(S-HA) by low M, chitosan produced by enzymatic depolymerisation (membrane cut-off 1500) has been
described. When S-HA and HA beads were treated with low molecular weight chitosan, a reduction in
S. mutans adsorption ranging from 47 to 66% was observed [37]. The effects of chitosan Mw upon S nutant’s
adherence and biofilm formation was studied testing two chitosan samples (High Mw sample: 624 kDa,
DA < 0.25 and medium M,, sample 107 kDa, DA 0.15-0.25) [38]. Both samples showed an evident strong
effect on S. mutans adherence and biofilm formation, inhibiting both adherence and biofilm formation in
the initial stage of dental plaque formation as well as disrupting mature biofilms. The high Mw sample
exhibited better performance regarding inhibiting dual-species biofilm formation. The effect of chitosan
My, (0.8-6 kDa) and DA (0.05-0.90) on the adsorption of S. sobrinus to S-HA was tested. The inhibition of
S. sobrinus adsorption on S-HA showed a positive correlation with the Mw of chitosan and the optimal
degree of acetylation was determined to be 0.4-0.5 [39].

Chitosan has been added to tooth pastes, rinses and other vehicles to test its activity against dental
plaque formation in real formulations. Chitosan included in tooth paste and mouthwashes to avoid
biofilm formation due to the presence of S mutans in the mouth demonstrated a reduction of S mutans
colonies in early childhood caries [40]. Moreover, daily use of chitosan rinse (6 kDa, DA 0.4, 0.5% w/w)
was effective to reduce dental plaque formation and count of salivary S mutants [41]. A chitosan
mouthwash, composed of a mixture of two chitosans (DA < 0.25; M, 624 kDa and DA 0.15-0.22;
M, 107 kDa, the final concentration of either chitosan being 0.4% v/v), was compared with two
commercial mouth rinsers [42]. The chitosan-based product exhibited a wide range of antibacterial
activity (against S. mutans, E. faecium, P. intermedia and L. acidophilus) and antifungal activity against
C. albanis. Moreover, its activity was superior to both commercial mouthwashes examined. In a further
study, chitosan mouthwash safety was evaluated and the antimicrobial activity was corroborated
through in vivo assays [43]. Chlorhexidine gluconate showed minor efficacy on other cariogenic
bacteria than S. mutans such as S. sanguinis or lactobacilli even when applied at high concentrations [44].
The effect of two chitosan samples, at a concentration 0.2% which corresponds to the chitosan MIC for
oral streptococci according to previous studies, alone or in combination with chlorhexidine gluconate
on dental plaque was studied. The mixtures containing chitosan and chlorhexidine exhibit a better
antibacterial activity than chlorhexidine alone. Differences were observed regarding the chitosan
sample used but unfortunately, the polymer characteristics were not described [45]. In another
study, chlorhexidine gluconate mucoadhesive gels were produced with different chitosan samples
(High My, (1400 kDa, DA 0.2) and medium Mw (272 kDa, DA ranging from 0.05 to 0.27). In this
case, the combined gels exhibited lower MIC than pure chitosan or chlorhexidine gluconate against
P. gingivalis. Interestingly, the best combined formulation did not correspond to the chitosan that
exerted more remarkable antimicrobial activity alone [28]. A chitosan tooth paste containing herbal
extracts with antimicrobial activity against dental pathogens was formulated. The pharmaceutical
evaluation of toothpaste was carried out as per the US Government Tooth Paste Specifications.
After 4-weeks experiment the chitosan-containing polyherbal toothpaste significantly reduced the
plaque index and bacterial count during in vivo tests [46]. Chewing gums containing chitosan
demonstrated its ability to suppress bacterial growth and to increase salivary secretion in vivo which
may improve the quality of life of dry-mouth patients. These findings suggest that a supplementation
of chitosan to gum is an effective method for controlling the number of cariogenic bacteria in situations
where it is difficult to brush one's teeth [47,48].

Besides chitin or chitosan, several derivatives of both polymers have been synthetized and tested
against different bacterial strains. As seen in Table 6, most of these derivatives have antimicrobial
activity against S. mutants while only some derivatives have exhibited activity against other streptococci
strains [27,34,37,49-52].
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Table 6. Use of chitin and chitosan derivatives in oral healthcare [27,34,37,49-52].

Polymer Derivative

Bacterial Strain

Effect

S. mutants Reduce bacterial adsorption on S-HA in vitro
Ethylenglycol chitin S. sanguis Dose dependent effect
S mitis Better activity on S. mutants
S. mutants Reduce bacterial adsorption on S-HA in vitro
Carboxymethyl chitin S. sanguis Dose dependent effect
S mitis Better activity on S. mutants
S mutants Prevent bacterial adsorption to HA in vitro

N-Carboxymethyl chitosan

S. sanguis, S. gordonii, S. constellatus,

S. anginosus, S. intermedius, S. oralis,
S. salivarius, S. vestibularis

Adsorption reduction on HA and S-HA (60%-98%)
in vitro

Imidazolyl chitosan

S mutants

Prevent bacterial adsorption to HA in vitro

S. sanguis, S. gordonii, S. constellatus,

S. anginosus, S. intermedius, S. oralis,
S. salivarius, S. vestibularis

No effect on bacterial adhesion to HA or S-HA
in vitro

S. muntants

Reduce bacterial adsorption on S-HA in vitroDose

Sulphated chitosan S. sanguis dependent effect.
S. mitis Better activity on S. mutants
Reduce bacterial adsorption on S-HA in vitro.
S. muntants .
. . Dose dependent effect. Better activity on S. mutants
Phosphorylated chitosan S. sanguis .
S. mitis Plaque reduction

Slight plaque buffering capacity

N-lhydroxy 3 trimethyl
ammonium chitosan HCI

P. gingivalis
P. intermedia
A. actinomycetemcomitans

Antibacterial activity in vitro
MIC: 0.5-1 mg/mL

S. mutans
Glucosamine Maillard S. mutants CBMSS. mutm?ts 04 mg/mL
. L . CBM L. brevis 0.5 mg/mL
chitosan derivative L. brevis Lo
No cytotoxicity in vivo
MIC S mutans 1.25 mg/mL
Water-soluble S. mutans MIC S sanguinis 10 mg/mL

Reduction plaque index
Reduction vital fluorescence

reduced chitosan S sanguinis

MIC: minimum inhibitory concentration. MBC: minimum bactericidal concentration; HA: Hydroxyapatite S-HA
Saliva coated hydroxyapatite.

3.1.2. Reduction of Dental Abrasion

Another use of chitosan in dentistry is related to avoid dental abrasion. Dental tooth, which otherwise
is beneficial to avoid dental plaque, contain abrasive components that may cause brush scratches or micro
wear on sound enamel surfaces. It is thought that the presence of fluoride may cause less brushing abrasion
on teeth with artificial decay lesions than toothpaste without fluoride since fluoride has a remineralization
effect. Different ingredients, such as polyvalent cations (Sn?*, nano-phosphate salts (Ca/P), proteins and
biopolymers such as chitosan, have been proposed to design more effective formulations as fluoride
substitutes or included in fluoride tooth pastes [53].

A tooth paste containing chitosan (Chitodent®) was compared with a propolis-containing tooth
paste (Aagaard®), a fluoridated (500 ppm) tooth paste (Elmex®) and a control group without treatment.
The brushing abrasion depths formed in primary tooth enamel caused using the different tooth paste
were compared. In this study, both propolis tooth paste and chitosan tooth paste showed an average
brushing abrasion value on healthy surfaces lower than the observed using the fluoride tooth paste [54].
Divalent cations such as Sn* in combination with fluoride are more effective than fluoride alone to
prevent dental erosion. The use of Sn>* combined with chitosan and fluoride was proposed not only in
terms of anti-erosive activity but also as anti-abrasive. The F/Sn/chitosan toothpaste (1.400 ppm F~,
3.500 ppm Sn 2*, 0.5% chitosan) reduced the erosive/abrasive tissue loss significantly compared to
placebo (tooth paste without fluoride, Sn?*, chitosan) and showed an efficacy in the order of the
positive control (GelKam = 3.000 ppm Sn?*,1.000ppm F~) or experimental toothpaste (1.400 ppm F~,

90



Polymers 2018, 10, 213

3.500 ppm Sn2*). The effect of chitosan was ascribed to its ability to bind to enamel creating a protective
shell [55].

3.1.3. Chitosan as Vehicle in Oral Healthcare

Chitosan has also been used as a vehicle for other therapeutic products with different activities.
For instance, chitosan gels containing herbal extracts showed a dental plaque reduction of 70% and
a reduction of bacterial counting of 85% [46]. Chitosan microparticles containing NaF produced
by spray drying exhibited bioadhesive properties in the oral cavity acting as a fluoride reservoir
both in fluoride burst release or fluoride controlled delivery systems [56]. Chitosan nanoparticles
(100 nm) loading NaF were produced by ionotropic gelation using tripolyphosphate (TPP) as crosslinker
agent [57]. Dental varnishes containing chitosan nanoparticles as NaF carrier was developed with
antimicrobial activity against S. mutants and the ability to inhibit demineralization was proved [58].
Chitosan (DA 0.15-0.25 viscosity 200-800 cps) microparticles containing chlorhexidine diacetate were
produced by spray-drying. Chlorhexidine-chitosan microspheres were dissolved faster in vitro than
chlorhexidine powder. The antimicrobial activity was tested against Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus and C. albicans. Buccal tablets were prepared by direct compression of the
microparticles with mannitol alone or with sodium alginate. ~After theirin vivo administration,
the determination of chlorhexidine in saliva showed the capacity of these formulations to give a prolonged
release of the drug in the buccal cavity [59].

Chitosan- hydroxypropyl methylcellulose 3D hydrogels containing O-toluidine for antimicrobial
photodynamic inactivation were produced and tested against S. aureus, A. actinomycetemcomitans and
P. gingivalis biofilms. These hydrogels showed promising results regarding their clinical use with an
appropriate delivery of o-toluidine [60]

3.2. Chitin, Chitosan and Derivatives in Haircare

The usage of polymers in haircare products is gaining attention due to their ability to improve
the rheological behaviour of the product or to enhance the adhesion of other ingredients to the hair.
As previously mentioned in Section 2.3, the proteinic structure in damaged hair is denaturalized by
different processes. It has been reported that the use of cationic polymers can help in the treatment of
damaged hair. Polymers need to fulfil some requirements to be considered appropriate for hair care.
As seen in Table 7, chitosan fulfils most of the requirements while each chitosan derivative needs to be
addressed individually for most of them.

Table 7. Polymer requisites in hair care.

Requisite Chitosan Water Soluble Derivatives
Heat stability Up to 170 °C To be checked
Very good solubility de})Oe;g;é:)cri‘d];CAnﬁ;‘d;mw Yes
Compatibility with cosmetic bases Yes To be checked
pH stability in the range of 4 to 9 Yes To be checked
Processability into a variety of products Yes Yes
Compat}bility with otber ingrec{ients and Yes Yes
with the packaging materials
Free of colour White to yellowish To be checked
Neutral or pleasant odour Yes Yes
Low volatility Non-volatile Non-volatile
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3.2.1. Chitosan and Derivatives as Hair Care Ingredient

Chitosan and its derivatives have been included in a large variety of hair products such as
shampoos, rinses, permanent wave agents, hair colorants, styling lotions, hair sprays and hair
tonics [61].

Chitosan and its cationic derivatives have the ability to interact with keratin forming transparent,
elastic films over hair fibres. These films increase hair softness, hair strength and avoid hair damage.
Chitosan was blended with hyaluronic acid and collagen and the produced films on hair were
studied. The covering of hair led to an increase in hair thickness and to the improvement hair
mechanical properties with an enhancement in the general appearance and conditioning of the hair [62].
Beyond chitosan's filmogenic properties, chitosan gelling ability in hydroalcoholic mixtures was used
to formulate chitosan in gel form [61,63]. Chitosan salts in different formulations such as hair lotions,
hair conditioners and hair shampoos were tested as haircare products taking advance of the filming
properties, emulsifier activity and cationic surface, respectively [64,65]. Chitosan, microcrystalline
chitosan and quaternized chitosan were added to shampoos and hair sprays due to its film former
activity and moisturizing effect [66-68]. Glycerol chitosan was included as a component into liquid hair
strengthens or hair sprays due to their improved solubility and film forming capacity [69] and glyceryl
chitosan forms foam and has an emulsifying action, so it could be used directly in shampoos [70].

Alkyl-hydroxypropyl-substituted chitosan derivatives were added as a component of hairsprays
in substitution of synthetic resins in order to avoid long drying time, hair sticky feeling and helmet
formation [71]. Moreover, the solubility in organic media allowed the use of halogen free propellant
gases and their solubility in basic media allowed their use in alkaline permanent wave agents or hair
colouring agents. Quaternary chitosan derivatives with solubility in aqueous and basic media were
also developed for the same purpose [72,73].

Chitosan hair fixing, hair conditioning and hair filming functions, as well as Carboxymethyl
chitosan gel forming functions, are described in CosIng database. Moreover, hair conditioning and
film forming functions have also been described for a large number of chitosan derivatives (Table 8).

Table 8. Chitin and chitosan derivatives with hair conditioning and film forming functions according

to CosIng Database.
Hair Conditioning Film Forming
Butoxy CH
Carboxybutyl CH But(?xy cH
. . Calcium CH
Carboxymethyl CH Succinamide
Carboxybutyl CH
CHT Propylsulfonate
Carboxymethyl Caprooyl CHT
Hydrolyzed CHT
. . . Carboxymethyl CHT
CHT Hydroxypropyltrimonium Chloride . .
- . X . Carboxymethyl CHT Succinamide
CHT Isostearamide Hydroxypropyltrimonium Chloride .
. . . CHT Adipate
CHT Lauramide Succinamide
. CHT Ascorbate
CHT Lauroyl Glycinate
. . . . . CHT Formate
CHT Rice Branamide Hydroxypropyltrimonium Chloride
. . CHT Glycolate
Sodium Carboxymethyl CHT Lauramide
Sodium CHT Caprylamide Hydroxypropylsulfonate CHT Lactate
. . CHT PCA Palmitamide Succinamide
Sodium CHT Cocamide Hydroxypropylsulfate
. . CHT Propylsulfonate
Sodium CHT Cocamide Hydroxypropylsulfonate .
. ) CHT Salicylate
Sodium CHT Isostearamide Hydroxypropylsulfonate . .
. . CHT Succinamide
Sodium CHT Lauramide Hydroxypropylsulfate
. . Hydrolyzed CH
Sodium CHT Lauramide Hydroxypropylsulfonate
Sodium CHT Rice Branamide Hydroxypropylsulfonate Hydroxyethyl CHTT
Y YPOPY Hydroxypropyl CHT

Sodium CHT Stearamide Hydroxypropylsulfonate
Carboxymethyl CH

CHT: Chitosan; CH: Chitin.

Polyquaternium-29
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3.2.2. Chitosan as a Vehicle in Hair Care

Androgenetic (or pattern) alopecia is a very common disease affecting both male and female.
It is a genetically determined disorder characterized by the gradual conversion of terminal hairs
into indeterminate and finally into vellus hairs. The standard treatment for male and female
androgenic alopecia is Minoxidil sulphate in topic treatment. Minoxidil solubility in water is low
and the formulations in the market included large amounts of ethanol or propylene glycol which are
highly irritating in continuous use. Moreover, due to its potent antihypertensive activity dermal
exposure and a consequent systemic effect should be avoided to minimize adverse side effects.
Therefore, formulations with capacity to target minoxidil to hair follicles in a sustained manner
are very desirable. Minoxidil sulphate was encapsulated in chitosan microparticles and nanoparticles.
Chitosan microparticles were produced by spray-drying (Medium Mw chitosan 190-310 kDa, DA:
0.15-0.25). Even after swelling, the microparticles presented an appropriate diameter for drug target
to hair follicle with a sustained release of the drug [74]. Minoxidil loaded chitosan nanoparticles
(Low Mw chitosan, DA 0.15-0.25) provided a sustained release avoiding dermal exposure with
a minoxidil two-fold increase in the follicle when compared to a controlled drug solution [75].

3.3. Chitin, Chitosan and Their Derivatives in Skin Care

The interest of the cosmetic and cosmeceutical industry on chitin, chitosan and their derivatives
rely on the unique biological and technological properties of these polymers. Their main functions
in skin care are summarized in Figure 4. In this section, these functions are reviewed and a general
overview of the use of these polymers as vehicles for active ingredients is given.

Antimicrobiant

Humectant Skin protecting

SKin care

Antioxidant Emollient

Cleansing

Skin conditioning

Figure 4. Main functions of chitosan derivatives in skin care.

3.3.1. Application of Chitin, Chitosan and its Derivatives in UV Protection

Skin photoaging is a premature skin-aging damage after repeated exposure to ultraviolet (UV)
radiation, mainly characterized by oxidative stress and inflammatory disequilibrium, which makes skin
show the typical symptoms of photoaging such as coarse wrinkling, dryness, irregular pigmentation
and laxity. Moreover, UV exposition is directly related to skin cancer.

UV spectra of chitosan and chitosan films reveal absorption below 400 nm and therefore they
may be used as sunscreens. A chitosan gel with an in vitro Sun Protector Factor (SPF of 0.89) was
reported [76]. When comparing two chitosan films, the transmittance of mushroom chitosan film for
UVA-UVB (300-250nm) was lower than that of shrimp chitosan film. This result implies the capacity
of UV resistance of chitosan extract from mushroom was better than that of shrimp chitosan film.
Whether this difference is due to chitosan origin or due to other properties (M, or DA) is not possible
to be determined since no proper polymer characterization was carried out [77].
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Chitosan oligosaccharides demonstrated its ability to reduce skin photoaging in hairless mouse
dorsal skin after UV radiation for 10 weeks. Results indicated that chitooligosaccharides were able to
regulate antioxidant and anti-inflammatory status [78].

Although along this review little examples of the use of chitin in cosmetic has been shown, due to
its poor solubility in most aqueous and organic solvents, several examples regarding the use of chitin
as protective UV molecule can be found in the literature as nanofibers and nanocrystals.

The potential use of chitin nanofibrils (NF) and chitin nanocrystals (NC) as components of
skin-protective formulations was evaluated. The application of nanofibrils and nanocrystals to skin
improved the epithelial granular layer and increased granular density. Furthermore, NF and NC
application reduced the production of transforming growth factor beta (TGF-3) compared to that of
the control group [79].

It is well known that urocanic acid is a major ultraviolet (UV)-absorbing chromophore.
Chitin nanofibers (NFs) were produced by acid hydrolysis with urocanic acid and the protective
effect of these urocanic acid chitin NFs (UNFs) and acetic acid chitin NFs (ANFs) against UVB radiation
was tested [80]. A lower UVB radiation-induced cutaneous erythema than in the control was observed
and sunburn cells were rarely detected in the epidermis of UNFs-or ANFs coated mice after UVB
irradiation. These results showed that ANFs also exhibited a protective effect against UVB. This could
be explained considering the inherent anti-inflammatory and antioxidant activity of chitin nanofibers.

3.3.2. Use as Skin Cleansing, Skin Conditioning and Emollient

Cleansing products are those to help to maintain the body surface clean. Chitosan argininamide is
the only chitosan derivative identified as skin cleansing according to CosIng database. Skin conditioning
products are those which function is to maintain the skin in good conditions. A large number of chitosan
derivatives and some chitin derivatives have been classified as ingredients with skin conditioning function
(Table 9). Emollients function is to soften and smooths the skin. Some chitosan derivatives present this
function whereas no chitin derivative has been described as emollient.

Table 9. Chitin and Chitosan derivatives with function as a skin conditioning and emollient in
Coslng Database.

Skin Conditioning Emollient

Calcium CHT
Carboxybutyl CHT
Carboxymethyl Caprooyl CHT
Carboxymethyl CHT Succinamide
CHT Ascorbate
CHT Caprylamide Hydroxypropyl trimonium Chloride
Hydrolyzed CHT
Hydrolyzed CHT Ferulyl Linoleate
Myristoyl/PCA CH
Polyquaternium-29
Sodium Carboxymethyl CHT Lauramide

Sodium CHT Cocamide Hydroxypropyl sulfate
Sodium CH Cocamide Hydroxypropyl sulfonate
Sodium CHT Isostearamide Hydroxypropyl sulfonate
Sodium CHT Lauramide Hydroxypropyl sulfate
Sodium CHT Lauramide Hydroxypropyl sulfonate
Sodium CHT Rice Branamide Hydroxypropyl sulfonate
Sodium CHT Stearamide Hydroxypropyl sulfonate
Sodium Carboxymethyl CH
CHT Glycolate
CHT Isostearamide Hydroxypropyl trimonium Chloride
CHT Lauramide Hydroxypropyltrimonium Chloride
CHT PCA Palmitamide Succinamide
CHT Propylsulfonate
CHT Rice Branamide Hydroxypropyl trimonium Chloride
CHT Salicylate
Carboxymethyl CH
CH glycolate
CH sulfate
Hydrolyzed CH
Mystoil PCA CH

CHT Rice Branamide Hydroxypropyl
trimonium Chloride
Sodium CHT Caprylamide Hydroxypropyl sulfonate
Sodium CHT Cocamide Hydroxypropyl sulfate Sodium CHT
Cocamide Hydroxypropyl sulfonate
Sodium CHT Isostearamide Hydroxypropyl sulfonate
Sodium CHT Rice Branamide Hydroxypropyl sulfonate
Sodium CHT Stearamide Hydroxypropyl sulfonate
CHT Caprylamide Hydroxypropyl trimonium Chloride

CHT: Chitosan; CH: Chitin.
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3.3.3. Use as Humectant and Moisturizing Agent

Humectants are cosmetics intended to increase water content on top layers of the skin.
Cationic humectants absorb to the negatively changes skin surface. As a humectant, chitosan was combined
with pyrrolidone carboxylic acid (PCA) producing a film-forming humectant material [81]. Acyl and
alkylated chitosan derivatives were produced to improve chitosan humectant properties [82]. Other chitin
and chitosan derivatives with humectant function are summarized in Table 10. Humectant polymers
activity depends on the cationic charge, molecular weight and hydrophobicity of the polymer [83]. In the
case of chitosan, therefore samples with low DA and Mw may exhibit better humectant properties.

Moisturizing products increase the water content of the skin and helps keep it soft and
smooth. Several chitosan samples with different M,, (1.2 x 10% to 30 x 10* kDa) were prepared
by oxidative degradation with H;O,. The moisture-absorption and moisture-retention capacities
of resulting chitosans were dependent on both the molecular weight and the degree of acetylation
(DA). The moisture-absorption capacity increased as the M, decreased. As the M, was reduced the
moisture- retention capacity first increased and then declined with a maximum moisture-retention
capacity when the chitosan sample of 0.45 x 10* kDa was used. Moreover, the moisture retention and
moisture-absorption increased with chitosan DD [84]. From all tested samples, the best sample was
a chitosan of 0.45 x 10* kDa and a DA of 0.1

When a family of carboxymethyl derivatives were tested (6-O-CM-Chitin, 6-O-CM-Chitosan,
6-3-O-CM-Chitin, 6-3-O-CM-Chitosan and N-CM-chitosan all samples showed good moisture-retention
ability and the moisture-absorption properties were quite similar to those of hyaluronic acid.
Results indicated that substitution in 6-OH position is the main active site for moisture absorption and
retention with a lower contribution of 3-OH and N position. In 6-O-CM-Chitin and 6-O-CM-Chitosan
as higher was the molecular weight, the better moisture-retention ability was observed [85].
Because chitosan has lower cost, this polymer might compete with hyaluronic acid as moisturizing
agent in cosmetics.

Besides chitosan derivatives, some chitin derivatives also have moisturizing and humectant
properties (Table 10). Moreover, chitin-glucan complexes, that are composed of chitin and
beta-glucan units covalently linked, exhibited appropriated properties regarding basic moisturization
in creams and after prolonged used no erythema was observed. Furthermore, skin physiology
was positively modified and as a consequence some signs of skin ageing were improved [86].
Quaternized carboxymethyl chitosan-montmorillonite nanocomposites also exhibited appropriate
properties against skin ageing. Not only due to their moisturizing effect but also due to their good
UV-protection ability [87].
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Table 10. Chitin and chitosan derivatives with humectant or moisturizing activity included in

Coslng Database.
Humectant Moisturizing
Carboxymethyl Caprooyl CHT CHT Rice Branamide Hydroxypropyltrimonium Cl
Carboxymethyl CHT Myristamide Sodium CHT Cocamide Hydroxypropylsulfate
Carboxymethyl CHT Succinamide Sodium CH Cocamide Hydroxypropylsulfonate
CHT Hydroxypropyltrimonium Cl Sodium CHT Isostearamide Hydroxypropylsulfonate
CHT Lauroyl Glycinate Sodium CHT Rice Branamide Hydroxypropylsulfonate
CHT PCA Palmitamide Succinamide Sodium CHT Stearamide Hydroxypropylsulfonate
CH sulfate CHT Caprylamide Hydroxypropyltrimonium CI
Sodium Carboxymethyl CH Carboxybutyl CHT

Carboxymethyl CHT Succinamide
CHT Propylsulfonate
Hydrolyzed CHT
CHT Isostearamide Hydroxypropyltrimonium Cl
Sodium Carboxymethyl CHT Lauramide
Sodium CHT Lauramide Hydroxypropylsulfate
Sodium CHT Lauramide Hydroxypropylsulfonate
Calcium CHT
Carboxymethyl Caprooyl CHT
CHT Ascorbate
CHT Glycolate
CHT PCA Palmitamide Succinamide
CHT Salicylate
Polyquaternium-29
CHT Lauramide Hydroxypropyltrimonium CI
CHT PCA Palmitamide Succinamide
Hydrolyzed CHT Ferulyl Linoleate
Myristoyl/PCA CH

CHT: Chitosan; CH: Chitin.

3.3.4. Use as Surfactant, Emulsifier, Stabilizer and Viscosifier

Surfactants are very useful in the cosmetics industry being their function to lower the surface
tension of cosmetics as well as to aid the even distribution of the product when used.

Chitosan yields stable water-in-oil-in-water (w/o/w) multiple emulsions without adding any
surfactant. Emulsification of sunflower oil by chitosan solutions with the degree of acetylation (DA)
between 0.25 and 0.05 was studied. DA only affects droplet size distribution which was unimodal at
high DA and at low DA, for all tested concentrations. On the contrary at intermediate DA, distribution
was unimodal only when we used the most concentrated solutions. Chitosan DA did not affect
emulsion stability or ageing [88].

Chitosan can interact with anionic surfactants to form complexes which exhibit interesting
surface-active properties related to surface tension and viscoelastic properties, even at very low
surfactant concentrations (much lower than the CMC of pure surfactant). These properties allow their
use as emulsion stabilizers in cosmetic formulations [89]. Chitosan derivatives containing fatty acid
chains such as Chitosan Lauramide Succinamide, Chitosan Lauroyl Glycinate, Hydrolysed Chitosan
Ferulyl Linoleate have been described as stabilizers in the CosIng database (Table 11).

Viscosity controlling ingredients are useful in the cosmetic industry to increase or reduce the
viscosity of formulations. Viscosity can be modified by controlling the polymer concentration or
the polymer Mw. The effect of chitosan Mw on the viscosity of a vitamin E-containing cream was
studied. The apparent viscosity of vitamin E-containing creams increased with increasing chitosan Mw.
At 0.5% w/w chitosan concentration, the apparent viscosity was higher than the control (2% glycerol
monostearate). Apart from higher viscosity, larger storage life and better skin hydration than the
control was observed [90].

N-Carboxybutyl chitosans were soluble in water and water ethanol mixtures giving more viscous
solutions than the corresponding chitosans [91].
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Table 11. Chitin and chitosan derivatives with surfactant, emulsifier and viscosity controlling function.

Surfactant Emulsifier Viscosifier

CHT Isostearamide Hydroxypropyl trimonium Cl
CHT Lauramide Hydroxypropyl trimonium Cl
CHT PCA Palmitamide Succinamide
CHT Rice Branamide Hydroxypropyl trimonium Cl
CHT Stearamide Hydroxypropyl trimonium C1
Sodium Carboxymethyl CHT Lauramide
Sodium CHT Caprylamide Hydroxypropyl sulfonate
Sodium CHT Cocamide Hydroxypropyl sulphate
Sodium CHT Cocamide Hydroxypropyl sulfonate
Sodium CHT Lauramide Hydroxypropyl sulphate
Sodium CHT Lauramide Hydroxypropyl sulfonate
Sodium CHT Rice Branamide Hydroxypropyl sulfonate

CHT: Chitosan; CH: Chitin.

Carboxymethyl Caprooyl CHT
CHT Argininamide
CHT Lauramide Hydroxypropyl trimonium CI
CHT Stearamide Hydroxypropyl trimonium Cl
Sodium Carboxymethyl CHT Lauramide
Sodium CHT Caprylamide Hydroxypropyl sulfonate
Sodium CHT Cocamide Hydroxypropyl sulphate
Sodium CHT Cocamide Hydroxypropyl sulfonate
Sodium CHT Lauramide Hydroxypropyl sulphate
Sodium CHT Rice Branamide Hydroxypropyl sulfonate

Sodium CHT Stearamide Hydroxypropyl sulfonate

Carboxymethyl CH
Butoxy CHT
Carboxybutyl CHT
Carboxymethyl CHT
Hydroxyethyl CHT

3.3.5. Use as Antioxidant and Antimicrobial Agent

Antioxidant activity of chitin, chitosan and their derivatives can be attributed to in vitro and
in vivo free radical-scavenging activities [92]. This activity is very valuable from the point of view of
skin protection against oxidative damage. Moreover, their use as additive may prevent the oxidation
of other active ingredients such as essential oils or vitamins. Antioxidant activity is particularly
remarkable in the case of chitooligosaccharides (COS) [93,94]. COS, enzymatically produced,
antioxidant activity depended on the type of enzyme used to hydrolyse chitosan (Chitosanase or
lysozyme). COS produced by chitosanase have better antioxidant activity compared to COS produced
with lysozyme. This behaviour seems to be related to the different distribution of acetylglucosamine
and glucosamine residues in the COS backbone due to the different cleavage site of each enzyme [95].
Chitosan has been widely modified with well-known antioxidant molecules such as ferulic acid,
glycolic acid, ascorbic acid and salicylic acid to improve its antioxidant activity (Table 12).

Chitosan and some derivatives (mainly cationic derivatives) exhibit antimicrobial activity against
gram positive and gram negative bacteria [96]. Chitosan (low My, viscosity below 30 mPa-s. at pH
5 and degree of acetylation most preferable to be at least 0.10) has been added in a fine emulsion for use
as preservative in home care or personal care products against microbial spoilage [97]. Moreover, due to
antibiotic resistance and chitosan activity against Propionibacterium acnes and Staphylococcus aureus,
this polymer was evaluated as possible antimicrobial molecule in acne vulgaris. To determine the
effect of molecular weight on antibacterial activity, chitosan of low Mw (50-190 kDa), medium M,,
(190-310 kDa) and high M,y (310-375 kDa) was tested against P. acnes and S. aureus. The sample with
the highest M,, had greater effect against both strains, particularly against S. aureus [98].

Table 12. Chitosan derivatives with antioxidant and antimicrobial activity included in CosIng data base.

Antioxidant Antimicrobial
CHT Ascorbate
CHT Glycolate Hydrolysed CHT Ferulyl Linoleate
CHT Salicylate CHT Benzamide

Hydrolysed CHT Ferulyl Linoleate
CHT: Chitosan.

3.3.6. Chitosan and Derivatives as Vehicle for Active Ingredients in Skin Care

Chitosan is a good polymer matrix for the delivery of active ingredients. Taking advance of the
extraordinary technological properties of this polymer, chitosan has been processed into different
formulations such as gels, micro and nanoparticles etc.

Several examples of sunscreen molecules included in chitosan formulations can be found in the
literature. Phenylbenzimidazole sulphonic acid (PBSA) is a relatively photostable UV-B filter that was
successfully encapsulated into chitosan microparticles with an encapsulation yield higher than 70%.
The UV screening effect of a chitosan gel was increased by incorporating the microparticles containing
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PBSA into the gel [76]. In another example, benzophenone-3 was loaded into polycaprolactone
nanocapsules coated with chitosan and the release was tested. Penetration profiles showed that
a higher amount of benzophenone-3 remained at the skin surface and a lower amount was found
in the receptor compartment after the application of the formulation containing chitosan-coated
nanocapsules compared to a formulation containing its free form [99]. An oil-in-water photoprotective
and antioxidant nanoemulsion (NE) containing chitosan was developed with the aim of protecting
skin against ultraviolet radiation while toxic sunscreens substances included in the formulation are
retained in the skin. Several molecules were tested: benzophenone-3, diethylamino hydroxybenzoyl
hexylbenzoate, octocrylene and octylmethoxycinnamate, pomegranate antioxidant extract and chitosan.
Formulations containing chitosan were stable for at least 6 months, were photostable when irradiated
in a solar simulator and effective. Moreover, chitosan promoted retention of the formulation in the
epidermis, thus increasing formulation safety [100]. A multifunctional hydroxyapatite-chitosan gel
that works as an antibacterial sunscreen agent for skin care was developed. This gel conferred
protection against UV-radiation and antibacterial activity [101]. Chitin Nanofibril-Hyaluronan
nanoparticles (CN-HA) has the ability of easily loading active ingredients, facilitating penetration
through the skin layers and increasing their effectiveness and safety as an anti-aging agent.
CN-HA nanoparticles were evaluated in vitro measuring their antioxidant capacity, anti-collagenase
activity and metalloproteinase and pro-inflammatory release. The efficacy was also shown in vivo
by a double-blind vehicle-controlled study for 60 days on 60 women affected by photo-aging [102].
Finally, mycosporines and mycosporine-like amino proteins were grafted to chitosan to produce
multifunctional materials based only in natural components. These materials were biocompatible,
photoresistant and thermoresistant and exhibited a highly efficient absorption of both UV-A and UV-B
radiations [103].

Retinols have shown promising results for photoaging and depigmentation at high concentrations
which are higher than those found in OTC products. For acne treatment, the evidence is more limited
and more studies are needed [104]. Formulations of retinols into appropriate vehicles may improve
control delivery, stability, bioavailability and potency. Several chitosan formulations have been
proposed with this aim. Retinol-encapsulated chitosan nanoparticles (100 nm) were produced using
a water soluble chitosan (18 kDa, DA 0.04), these nanoparticles protect retinol against degradation [105].
Retinol was encapsulated in zein nanoparticles (300 nm) that were coated with chitosan. Chitosan Mw
affected the particle size and polydispersity which increased as the Mw increased. On the contrary,
a slight reduction of encapsulation efficiency was observed when Mw increased. This system improves
retinol photostability [106]. In another example, retinol was encapsulated into succinic-chitosan
nanoparticles by means of retinol complexation with the chitosan derivatives through H-bonding.
The antioxidant activity of the encapsulated retinol was significantly greater than pure retinol [107].

Chitin Nanofibrils/bio-lignin non-woven tissues were electrospun with different antiaging
ingredients. The beauty masks were controlled for their safeness and effectiveness both in vitro on
keratinocyte and fibroblast cultures and in vivo on 30 volunteer women showing signs of premature
skin aging (photoaging) for a period of 30 days. Results showed that the beauty masks that were not
only effective on the aged and sensitive skin but also very safe and stable for a long period of time
because they were free of water [108].

Polyphenols with a strong antioxidant activity have also been encapsulated in nanoparticles and
mircrospheres produced by ionic gelation and by spray-drying, respectively [109].

Chitosan is also a useful matrix to encapsulate essential oils. For instance, Mentha Piperita
essential oil was encapsulated in chitosan beads Two chitosan samples (High Mw chitosan 2.000 kDa,
DA < 0.25 and medium M,, chitosan 750 kDa, DA 0.15-0.25) were used as polymeric matrix to
encapsulate the oil. Chitosan glycolic solutions (High Mw, Low Mw and mixture of both chitosans)
containing the essential oil were dropped to NaOH or TPP solutions. NaOH beads showed much
better swelling properties and greater release of the essential oil. Encapsulation efficiency was not
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affected by chitosan sample and during beads breakage assay, medium Mw chitosan-based particles
showed better behaviour [110].

4. Functional Characterization of Chitin and Chitosan in Cosmetics

There is a large variety of chitin and chitosan samples differing in polymer molecular
weight and its distribution, deacetylation degree, acetyl distribution and crystallinity among other
physical-chemical properties. Moreover, a myriad of chitin and chitosan derivatives have been
produced from different chitin and chitosan samples by taking advance of the simplicity of chemical
modification of these polymers. The wide range of applications in different fields is sustained by this
structural variability. The question that arises at this point is which sample is the most appropriate for
a specific application. Therefore, the proper sample characterization is an essential issue that needs to
be carefully considered. Ambiguities in research studies regarding different properties and functions
of these polymers are frequently found in the literature, these ambiguities coming, at least in part,
from inadequate data on the polymer characteristics. During the elaboration of this review, we have
frequently found research work in which the polymer samples were not characterized or generic data
were given, such as deacetylation degree and molecular weight in a range rather than a specific value.
It is also worth mentioning that accurate determination of the polymer characteristics is difficult since
most of the proposed techniques are easy and simple but not accurate [111].

Keeping in mind these considerations, in Table 13, some general recommendations are included
to assist researchers and industrials to select the most appropriate polymer for a specific purpose.

It is worth mentioning that differences can be observed between in vitro and in vivo assays due to
the more complex environment found in in vivo assays. For instance, no effect of chitosan properties
in its mouth pH buffering activity was observed in vitro while in vivo a specific chitosan performance
a better behaviour as described in Section 3.3.1.

It has been reported that antibacterial activity depends on several parameters such as molecular
weight, the degree of acetylation, the type of substituents and the type of bacterium. The exact
mechanism of the antimicrobial action of chitin, chitosan and their derivatives is still unknown.
Both low and high My, polymers exhibit antimicrobial activity but different mechanisms have been
proposed for each family of chitosan samples. High molecular weight polymers seem to form a film that
protects cells against nutrient transport through the microbial cell membrane. Low molecular weight
chitosan derivatives are water soluble and can better incorporate the active molecule into the cell.
Gram-negative bacteria have an anionic bacterial surface on which cationic chitosan derivatives may
interact electrostatically. Gram-positive bacteria seem to be inhibited by the binding of lower molecular
weight chitosan derivatives to DNA or RNA. Chitosan nanoparticles exhibit an increase in loading
capacity and efficacy [112]. Antibacterial activity of chitosan against oral pathogens seems to be mainly
affected by chitosan molecular weight with better activity as the M,, increase. Antimicrobial activity
against skin pathogens showed a similar trend although the evidence is lower since little research
regarding chitosan characteristics has been carried out.

Regarding chitosan ability to avoid bacterial adsorption to hydroxyapatite, the chitosan samples
described in the examined papers were not appropriately characterized so it is not possible to conclude
which are the properties of the best chitosan or derivative. Authors described their chitosan samples
and derivatives as low Mw polymers; but as no clear definition exits for low, medium and high
molecular weight chitosan it is not possible to evaluate the polymer size. Moreover, it cannot be
dismissed that medium or high molecular weight samples avoid bacterial adsorption since they had
not been tested.

Regarding the use of chitosan as sunscreen, it seems that this activity depends on the chitosan
sample but from the reported data it is not possible to determine which chitosan property is involved
in this activity.
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Table 13. Some general recommendations on chitin, chitosan and derivatives in cosmetics and
cosmeceutical applications.

Field Property Effect of Physico-Chemical Properties
ability to inhibit pH fall in In vitro: No effect of My, or DA in buffering capacity.
Oral healthcare dental plaque In vivo: best sample 3000 Da, DA: 0.05
Oral healthcare Antimicrobial Activity Depend_s on My, DA and bacterial strain. Very active
against S. mutants and other oral streptococci.
. e Dual-species inhibition (High My :624 kDa, DA < 0.25).
Oral healthcare Bacterial adsorption inhibition Inhibition . sobrinis High Muw, optimum DA 0.40-0.50
Product conservation Antioxidant Best activity COS. Chitosanase- COS are preferred over
lysozyme-COS
Product conservation Antimicrobial Activity Depends on My, DA, bacterial strain
Skin care Antioxidant Best activity COS Chitosanase-COS are preferred over
lysozyme-COS
Skin care (Acne treatment) Antimicrobial activity High M,
Skin/hair care Humectant Low DA
Skin/hair care Moisturizing agent High M,, Carboxylmethyl derivatives
Skin care Sunscreen Possible effect of the chitosan source

Chitosanase-COS: COS produced by chitosanase; Lysozyme-COS: COS produced by lysozyme, DA:
Acetylation degree.

5. Conclusions

Chitin, chitosan and its derivatives exhibit many different relevant properties as active ingredient
in dental, skin, hair and nails care. Moreover, they have optimal properties to vehiculate active
ingredients for the cosmetics and cosmeceutical industry.

These valuable properties are strongly related to the polymer physico-chemical characteristics
and therefore an accurate polymer characterization is needed to determine which characteristics are
more relevant for a specific application.

It is very remarkable that several properties can be found in a single chitosan derivative,
for instance, Carboxymethyl Caprooyl Chitosan (Chitosonic® acid) is a water-soluble derivative
with high HLB value; that can form a nano-network structures at higher concentration than 0.5% and
can self-assemble into a nanosphere structure at lower concentration than 0.2%. Besides, it has potent
antimicrobial activity against gram-positive bacteria, gram-negative bacteria and fungus; moderate
DPPH radical scavenging activity and exhibits good hydration activity for absorbing and retaining
water molecules [113].

This multi-functional behaviour is quite frequent and implies that each polymer must
be characterized not only in terms of its physico-chemical properties but also in terms of
functional properties.

An accurate polymer characterization will boost our knowledge in these polymers and promote
their use in the industry.
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Abstract: In recent years, the search for biological methods to avoid the application of chemical
products in agriculture has led to investigating the use of biopolymers-based materials. Among the
tested biomaterials, the best results were obtained from those based on the biopolymer chitosan (CHT).
CHT, available in large quantities from the deacetylation of chitin, has multiple advantages: it is safe,
inexpensive and can be easily associated with other compounds to achieve better performance. In this
review, we have summarized the latest researches of the application of CHT on plant productivity,
plant protection against the attack of pathogens and extension of the commercial life of detached fruits.

Keywords: chitosan; defense responses; fruits; nanoparticles; plant growth; pesticides

1. Introduction

In recent years, the always growing demand for food worldwide, the ongoing climate change,
the dangerous consumption of farmlands and the increasing attention of consumers to high quality,
safe and environmental-friendly food products have stimulated the search for alternative biological
methods that can meet this demand. Among the alternatives that are currently under investigation to
avoid the use of chemical products to control plant diseases and increase crop productivity, are the
biopolymer-based materials. In several cases, these materials have shown adequate activity against
pathogens with low toxic effects on mammals and marginal impact on the environment. In addition,
these biomaterials are also able to increase the productivity of many agricultural plants avoiding
the use of large amounts of chemical fertilizers and dangerous farming practices. Among the tested
biomaterials, the best results were obtained from those based on the biopolymer chitosan (CHT). CHT,
chemically a linear unbranched polymer of (3-1,4-D-glucosamine, is obtained from chitin, a co-polymer
of N-acetyl-D-glucosamine and D-glucosamine constituting the main component of the exoskeleton of
arthropods. Chitin is also present in diverse organisms such as fungi, mollusks, diatoms, and marine
and fresh water sponges [1]. This natural polymer is convenient and largely available as waste from
shell of shrimps and crabs processed by the seafood industry. In fact, chitin is the second largest
renewable carbon source in the word after cellulose with a production of over 10 tons per year.
This makes its utilization of commercial interest for the production of CHT. Worldwide, industrial
preparation produces more than 2000 tons per year of CHT [1]. This preparation is easy to perform
and consists in the treatment of solid chitin with 40-50% (w/v) NaOH at 120-150 °C. This treatment
removes the majority of the acetyl groups, converting N-acetyl-D-glucosamine in 3-1,4-D-glucosamine.
While chitin is insoluble in the principal solvents, thus inhibiting its direct utilization, CHT can be
easily solubilized in weak organic acids, for example acetic acid, and its limited solubility in water
can be overcome by chemical modification such as carboxymethylation [2]. However, the industrial
method of preparation implies that the term “chitosan” does not refer to a unique compound, but
is ascribed to many polymers of heterogeneous deacetylation and polymerization degrees, viscosity,
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molecular mass, acid and dissociation constant. It should be noted that this heterogeneity can greatly
affect biological properties of CHT [3].

Everything considered CHT has multiple advantages over other biopolymers (cellulose, starch,
galactomannans, etc.): it is safe, inexpensive and its chemical structure easily allows the introduction of
specific molecules to design polymers for selected applications. These characteristics confer to CHT a
role of great importance for a wide range of potential users ranging from medical and biotechnological
industries to agricultural applications [4,5]. In particular, in recent years, an increasing number of
researchers investigated the effects of CHT-based compounds on plants. In this review, we have
summarized the latest research of the application of CHT on plant productivity, plant protection
against the attack of pathogens and extension of the commercial life of detached fruits.

2. CHT Effects on Plant Productivity

The increasing demand for food to feed the rising world population has led to the development
of agronomic practices able to significantly raise plant productivity. However, this has led to an
ever-increasing use of chemical fertilizers and pesticides and high soil consumption. To stop this
deleterious trend, many researchers investigated agricultural applications of CHT-based materials and
in several cases these materials resulted able to increase plant productivity (Table 1).

For example, CHT (250-500 ppm, from Sigma-Aldrich (St. Louis, MO, USA), two applications at
seven-day intervals, from pre-flowering to post-flowering stage) induces 56% higher fruit production
in tissue-cultured plants of cv. Strawberry Festival compared to non-treated control [6]. High (124 kDa)
and low (66.4 kDa) molecular weight CHT polymers (prepared by the authors with basic deacetylation
of chitin and acetylation degree 13.7% and 15.2%, respectively) as well as a hydrolyzed CHT derivative
(13.2 kDa) applied at 31, 45 and 59 days after planting enhance the tuber size in two different cultivars
of potato (Solanum tuberosum L.) [7]. Foliar application of 0.5% CHT (origin and characteristics not
specified, applications at seven-day intervals, starting from two weeks after transplanting) increases
fruit weight, fruit diameter, and yield of Bell pepper (Capsicum annuumy) [8]. Interesting results
were obtained using CHT to protect plants against abiotic stresses. CHT (1 mg/mL, origin and
characteristics not further specified, viscosity 5—30 mPa s, added 2 days before exposition of plants to
dehydration stress) improves drought resistance in white clover (Trifolium repens) by enhancing the
accumulation of stress protective metabolites [9]. Foliar application of CHT (200400 uL/L, origin and
characteristics not further specified, sprayed three times, just prior to flowering stage, at 50% flowering
and at full bloom) reduces the negative impact of drought condition on dry matter and oil yield of
Thymus daenensis Celak [10]. Exogenous application of CHT (0.2-0.4 g/L, origin and characteristics
not further specified, sprayed thrice, before flowering and two weeks later) increases plant growth
parameters in two species of sweet basil (Ocinum ciliatum and O. basilicum) under drought stress [11].
In experiments conducted in indoor climate controlled chambers, rice (Oryza sativa L.) plants soaked
and sprayed with 0.05% CHT (origin and characteristics not further specified, molecular weight 50 kDa,
germinated seeds soaked for 14 days, plants transferred in clay sprayed every day for additional three
weeks before ozone fumigation) show significant reduction of the harmful effects of ozone compared
with the control plants [12]. In hydroponic pot experiments, foliar application of CHT with different
molecular weight (10 kDa, 5 kDa and 1 kDa, deacetylation degree of 80%, purchased from Qingdao
Yunzhou Biochemistry Co., Ltd. (Qingdao, Shandong Province, China), applied every day for one
week) could alleviate toxic effects of cadmium (Cd) on growth and leaf chlorophyll content of edible
rape (Brassica rapa L.) [13]. In the same experimental material grown under greenhouse conditions,
similar protective effect on Cd toxicity is obtained with a chitooligosaccharide, a hydrolysis product of
CHT directly produced by the authors (50-200 mg/L, average molecular weights 1.6 kDa, deacetylation
degree 82%, applied every day for one week) [14]. In addition to the effect on plant growth, in several
medicinal plants, CHT could increase the commercial content of secondary metabolites. In stevia
(Stevia rebaudiana Bertoni) plants, spraying of leaves with CHT (0.5%, 0.1% and 0.2%) has significant
effect on the content of phenols and the glycoside rebaudiosides A [15]. In two hairy root clones of
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Gentiana dinarica Beck, CHT (50 mg/L, obtained from Sigma Chemical Company (Saint Louis, MO,
USA), added to growth medium after 28 days of cultivation, experiments performed after three or
seven additional days) strongly increases the content of xanthone aglycone norswertianin and causes
the occurrence of new xanthone compounds not detectable in control samples [16]. In cultured cells
of the medicinal plant Phyllanthus debilis Klein ex Willd, CHT (50, 100, 150 and 200 mg/L, obtained
from Himedia, Mumbai, India, added during the stationary phase of culture growth) significantly
increases the content of hydrolysable tannins, the main therapeutically active constituents of the
medicinal plant [17]. Treatment of dark-germinated sprouts of two malting barley (Hordeum vulgare L.)
cultivars with CHT oligosaccaride (1-10 g/L, obtained from Kong Poong Bio, Jeju, South Korea, time of
incubation 8 h on a rotary shaker) results in accumulation of antioxidant-linked, anti-hyperglycemic,
bioactive high phenolic compounds [18].

Table 1. CHT effects on plant growth.

CHT Formulation and

Plant Species Administration CHT Effect References
Strawberry (Fragaria x 0.025-0.05% (plant spraying) higher fruit yield [6]
ananassa Duch.) . Do (P praying g y
Potato (Solanum tuberosum L.) 200f 325 and‘558 mg/ha enhancement of tuber size [7]

(foliar spraying)
. 0.3-0.5% (leaves and fruits increase in fruit weight, fruit
Bell pepper (Capsicum annuumn) spraying) diameter, and yield [8]
Basil (Ocimum ciliatum and 0040 . . increase in plant growth and
Ocimum basilicum) 0.02-0.04% (foliar spraying) total phenol content (1]
. . 0.05% (plants soaking and increase in plant growth,
Rice (Oryza sativa L.) spraying) higher photosynthesis rate. [12]
. e . . increase in plant growth and
Rape (Brassica rapa L.) 0.05-0.1% (foliar spraying) leaf chlorophyll content [13]
Barley (Hordeum vulgare L.) 0.1-1% (germinating seeds) ~ higher phenolic content [18]
5 - -
Maize (Zea mays L.) 0.04-0.16% (seeds soaking promotion of plant growth [19]

and plant spraying)

and grain weight

Some of these promoting effects of CHT on plant growth can be ascribed to fertilizing properties
of CHT compounds able to supplement plants with essential nutrients. In both pot and field conditions,
maize (Zea mays L.) plants treated with Cu-CHT nanoparticles (0.04-0.16%, CHT molecular weight
50-190 kDa, deacetylation degree 80%, obtained from Sigma-Aldrich (St. Louis, MO, USA), applied for
4 h to sterilized seeds and after the transfer in standard clay type soil sprayed every day for 35 days)
show enhanced plant height, stem diameter, root length and number, chlorophyll content, ear length
and weight/plot, grain yield/plot and weight [19]. CHT-polyvinyl alcohol hydrogels with absorbed
copper nanoparticles (CHT obtained from Marine Chemicals, Kerala, India, molecular weight 200 kDa,
added once as hydrogel on plants) increase stomata width, primary stem length, and root length of
grafted “Jubilee” watermelon (Cucurbita maxima x Cucurbita moschata) [20]. Foliar application of zinc
complexed CHT nanoparticles (CHT obtained from India Sea Foods, Cochin, Kerala, molecular weight
60 kDa, deacetylation degree 85%, applied twice a week for five weeks) efficiently supplements the
micronutrient to wheat plant cultivated under zinc deficient conditions [21]. CHT combined with
waste silica may allow farmers to reduce the use of NKP fertilizers to improve corn production in
Indonesia with environmental and economic advantages [22]. In addition, CHT nanoparticles can be
also used as carrier system for plant growth hormones. For example, CHT nanoparticles combined
with gibberellic acid (CHT obtained from Sigma-Aldrich, molecular weight 27 kDa, deacetylation
degree 75-85%, added once seven days before analyses) significantly increase leaf area and the levels
of chlorophylls and carotenoids in Phaseolus vulgaris [23].
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Collectively, these results support the ability of CHT-based materials to increase plant productivity.
In particular, these materials seem useful to increase productivity under stress conditions and this is
important for the agronomic utilization of marginal lands.

3. CHT Effects on Plant Pathogens

The promoting effect of CHT-based compounds on plant productivity can easily be ascribed to
its ability to control plant pathogens such as virus, bacteria, fungi and nematodes. This ability is
documented in several studies, the latest presented in the following (Table 2).

Treatment of seeds with CHT (low molecular weight, 5-20 kDa, obtained from Bioinzheneriya
center of RAS, CJSC Bioprogress, added once to seeds and sprayed every day on leaves) induces the
resistance of tomato plants to Phytophtora infestans and Alternaria solani [24]. Both in greenhouse trials
as well as in vitro, CHT nanoparticles (1000-5000 ppm, CHT obtained from Biobasic, Canada and
Sigma-Aldrich, Germany, molecular mass 161-810 kDa, deacetylation degree 75-90%, added once at
anthesis) are effective against Fusarium graminearum, the causing agent of Fusarium head blight on
wheat [25]. Seed soaking and foliar application of CHT (0.25-2 g/L, origin and characteristics not
further specified, seeds soaked for 24 h and leaves sprayed three times at seven-day intervals starting
from the second true leaf stage of emerged bean seedlings with half concentrations of used rate for
seed soaking treatment) are efficient in the control of Fusarium solani and Rhizoctonia solani in Phaseolus
vulgaris L. both in vivo and in vitro [26]. Application of 0.05% and 0.1% CHT to the leaves efficiently
controls anthracnose, the disease caused by Colletotrichum spp. on cucumber (Cucumis sativus L.)
plants [27]. Foliar application of 0.01% CHT (obtained from MP Biomedicals, LLC. (Santa Ana, CA,
USA), deacetylation degree 90%, added at an interval of 15 days for five months) reduces the blister
blight disease caused by the biotrophic fungal pathogen Exobasidium vexans in Camellia sinensis (L.) O.
Kuntze plants [28].

CHT (0.5%, origin and characteristics not further specified, directly mixed to the soil before seeds)
is also able to shift the abundance of resident and inoculated biocontrol agents in the rhizosphere
to suppress growth of the nematode Heterodera glycines in soybean [29]. Both in vitro and in vivo
under glasshouse conditions as well as in field experiments CHT (0.5-2 g/L, obtained from Roth,
Cat. C0108, Lot 133,115, tuber soaked for 30 min, leaves sprayed twice, 30 days and 45 days after
planting) efficiently acts against Ralstonia solanacearum, the causal agent of potato bacterial wilt disease,
thus increasing plant health [30]. Pochonia chlamydosporia, a fungal parasite used as biological control
agent for the management of Meloidogyne spp., the most damaging plant-parasitic nematodes for
horticultural crops worldwide, better develops in soil and endophytically colonize roots of tomato
plants irrigated with a 0.1 mg/mL CHT solution (CHT obtained from Marine BioProducts GmbH,
Bremerhaven, Germany, molecular weight 70 kDa, deacetylation degree 80.5%, added daily for
10-30 days) thereby increasing its efficiency against nematodes [31]. Finally, CHT (supplemented by
the addition of Cunninghamella elegans, a fungus that contains chitin and chitosan in its cell wall, added
once to soil) mixed with a biofertilizer obtained from phosphate and potassium rocks protects green
peppers, but not tomato plants, against Ralstonia solanacearum infection [32].

Table 2. CHT effects on plant pathogens.

Plant Species CHT Formulation and Administration Pathogen References
Tomato (Solanum lycopersicon) 0.4% (seeds soaking, fruits spraying) Phytophtora infestans, Alternaria solani [24]
Wheat (Triticum spp.) 0.1-0.5% (spikelets spraying) Fusarium graminearum [25]

0.025-0.2% (seeds soaking,

Green bean (Phaseolus vulgaris L.) foliar sprayimg) Fusarium solani, Rhizoctonia solani [26]
Cucumber (Cucumis sativus L.) 0.05-0.1% (foliar spraying) Colletotrichum spp. [27]
Tea (Camellia sinensis L.) 0.01% (foliar spraying) Exobasidium vexans [28]
Soybean (Glicine max L.) 0.5% (soil treatment) Heterodera glycines [29]
Tomato (Solanum lycopersicon) 0.01% (plant irrigation) Meloidogyne spp. [31]
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4. CHT Effects on Detached Fruits

For several agronomic commodities, fruits are the part of the plant with the best economic value.
However, fruits tend to have a short shelf life even under strict cold chain management. In addition,
the site of cultivation is often far from the consumer markets. Postharvest diseases are the main cause
of losses for detached fruits and the management of these diseases is one of the major challenges for
the farmers. More and more consumers demand products of high quality and free of pesticide residues.
This directs research towards integrated alternative strategies to manage postharvest diseases. In this
perspective, edible coating materials such as polysaccharides, proteins, lipids and plant extracts are of
high interest [33]. The adhesive nature of CHT combined with its biodegradability makes application
of CHT edible coatings the best way to prolong the commercial life of fresh agricultural products.
In addition, the use of CHT either alone or in combination with other protectants (e.g., minerals,
vitamins, or nutraceutical compounds) that increase the beneficial properties of fresh commodities
and in some cases the anti-pathogen activity of CHT permits avoiding the use of chemical products.
CHT coating can form a semipermeable film on the surface of fruit and vegetables. This affects the
rate of respiration, decreases water loss and weight decrease, and permits maintaining the requested
quality for the market. Therefore, in recent years, an impressive number of papers dealing with CHT
and protection of fresh agricultural commodities has been published (see [33] for a review). In this
section, we summarize the latest results (Table 3).

Application of a CHT edible coating combined with an acetonic extract of Salvia fruticosa Mill
(1% CHT, obtained from Sigma-Aldrich (St. Louis, MO, USA), medium molecular weight, deacetylation
degree 75-85%, viscosity 200-800 cP, added by fruit immersion for 1 min) effectively controls Botrytis
cinerea infection without affecting quality and physico-chemical properties of table grapes (Vitis vinifera
cv. “Thompson Seedless”) [34]. Similar results have been obtained in table grapes (Vitis vinifera L.
“Yongyou 1”) where preharvest treatment with CHT-g-salicylic acid (1% w/v CHT, obtained from
Zhejiang Aoxing Biotechnology Co., Ltd. (Kanmen, Zhejiang, China), food-grade, deacetylation
degree >95%, viscosity <30 mPa s, added by spraying grape clusters five days before harvest)
positively influences postharvest table grape quality, shelf life, and resistance to Botrytis cinerea-induced
spoilage [35]. Postharvest coating of clusters with CHT/polyvinyl alcohol blended with ascorbic acid
(2.8-8.2 mM CHT, obtained from Merck, 64271 Darmstadt Germany, molecular weight 71.3 kDa,
deacetylation degree 94%, added by fruit immersion for 5 min) significantly slows down the rate of
deterioration of Vitis vinifera L. cv “Superior Seedless” grapevines [36]. Combined CHT and nano-5iOx
coating (1% CHT, obtained from Aoxing Biotechnology Co., Ltd. (Taizhou, Zhejiang, China), added by
fruit immersion for 5 min) extends the shelf life of Chinese cherries (Prunus pseudocerasus L.) during
postharvest storage by inhibiting pectin chain degradation [37]. Coating with an edible film composed
by CHT, quinoa protein and sunflower oil (2% CHT, directly obtained by the authors from giant
squid, added by fruit immersion for 1.5 min) is able to control the growth of molds and yeasts during
storage of Highbush blueberries (Vaccinium corymbosum L. cv. O’Neal) [38]. CHT treatment (2.5-15 g/L
CHT, obtained from Sigma-Aldrich, Steinheim, Germany, characteristics not further specified, added
by arils and fruit immersion for 1 min) protects arils and whole pomegranate (Punica granatum L.)
fruits against Botrytis spp., Penicillium spp. and Pilidiella granati infection in in vivo and in vitro
experiments [39]. CHT coating (1% CHT directly obtained by the authors from Daphnia longispina
ephippia, viscosity-average molecular weight 4.16 kDa, deacetylation degree 70-75%, added by two
fruit immersions of 10 s each for Ref. [40]; and 1% CHT obtained from Sigma Aldrich, Germany, with the
CAS number: 9012-76-4, PCodes of low molecular weight chitosan: 1001654976; medium molecular
weight chitosan: 1001567692 and high molecular weight chitosan: 101476130, added by fruit immersion
for 10 s for Ref. [41]) extends the commercial life of red kiwifruit (Actinidia melanandra) and of fruits of
Actinidia kolomikta (Maxim.), two species of the genus Actinidia with valuable properties in terms of
content of biologically active substances and areal of cultivation but currently hardly commercialized
due to their very short (less than two days) shelf life [40,41]. CHT nanoparticles loaded with a solution
of the natural essential oil sanitizing carvacrol (1% CHT, origin and characteristics not further specified,
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added by slice immersion for 4 min) reduce the microbial growth in fresh sliced carrots (Daucus carota
L.) during storage, avoiding the carvacrol-related off-flavors [42]. CHT coating (1% CHT, origin and
characteristics not further specified, added by fruit immersion for 5 min) significantly delays fruit
senescence and preserves the nutrient content and antioxidant abilities of jujube (Zizyphus jujube Miller
cv. Dongzao) [43]. Coating with enzymatic hydrolyzed low molecular weight CHT (1% CHT, obtained
from Sigma-Aldrich (St. Louis, MO, USA), apparent molecular weight of 50 kDa, deacetylation
degree 90%, added by fruit immersion for 10 min) significantly preserves wounded and unwounded
pear (Pyrus bretschneideri cv. “Huangguan”) fruits by Botryosphaeria spp. Attack, thus inhibiting
postharvest decay and browning processes [44]. Coating with a combination of CHT, alginate and
pomegranate peel extract (1% CHT, obtained from E-Merck Ltd., Mumbai, India, low molecular weight,
deacetylation degree 75%, added by fruit immersion for 1 min), is an effective treatment to maintain
the overall fruit quality and total flavonoids and total phenolics contents in guava (Psidium guajava
L. cv Allahabad safeda) [45]. CHT was also used to protect various cultivated species of mushrooms.
For example, coating with a protocatechuic acid-grafted-CHT solution (1% CHT, obtained from Sangon
Biotechnology Co. Ltd. (Shanghai, China), average molecular weight of 250 kDa, deacetylation degree
71%, added by fungus immersion for 30 s) efficiently protects king oyster mushroom (Pleurotus eryngii)
during postharvest storage [46].

Table 3. CHT effects on fruits.

Plant Species CHT Foljm.ulatu.m and CHT Effect References
Administration

Coating with 1% CHT and
Salvia fruticosa extract

Grape (Vitis vinifera) Inhibition of Botrytis cinerea growth [34]

Pomegranate (Punica Inhibition of Botrytis spp., Penicillium spp.

. . o,
granatum L.) Coating with 1.5% CHT and Pilidiella granati growth (391
Red kiwifruit (Actinidia Coating with 1% CHT Extension of the fruit commercial life [40]
melanandra)

Pear (Pyrus bretschneideri) Coating with 1% CHT Inhibition of Botryosphaeria spp. growth [44]
Mango (Mangifera indical.) ~ Coating with 1% CHT Delay of fruit ripening, inhibition of [47]

Colletotrichum gloeosporioides growth

Delay of fruit softening, accumulation of

phenolic compounds during storage,

induction of defense enzyme activities, [48]
inhibition of Colletotrichum

gloeosporioides growth

Coating with 1% CHT and

Mango (Mangifera indica L.) 0.1 ppm spermidine

Inhibition of Colletotrichum asianum,
Coating with 1% CHT and Colletotrichum dianesei, Colletotrichum
Mentha piperita L. essential oil  fructicola, Colletotrichum tropicale and

Colletotrichum karstii growth

Mango (Mangifera indica L.) [49]

Mango (Mangifera indica L.), one of the most popular tropical fruits with high demand and great
market value, has been the object of several studies. In fact, due to its large ethylene production,
the fruit quickly ripens and softens after harvest. Moreover, mango fruits are subject to the anthracnose
severe disease caused by the pathogen Colletotrichum gloeosporioides (Penz.) Penz. & Sacc that can
attack immature fruits causing large loss in production. Fungicides currently used to face this
problem are under investigation in several countries. Thus, the search for alternative methods is
very important. High molecular weight CHT solution applied as fruit coating (1% CHT, obtained from
A.N. Lab, Thailand, molecular weight 360 kDa, deacetylation degree 85%, added by fruit immersion
for 1 min) significantly delays mango (cv. Nam Dok Mai, the most important export fruit of Thailand)
fruit ripening thus impacting its postharvest quality. Moreover, these CHT-treated fruits exhibit
no incidences of disease symptoms throughout storage [47]. Better results, especially in terms of
protection against anthracnose disease, are obtained in the same mango cultivar using CHT coating
combined with spermidine (1% CHT, obtained from A.N. Lab (Thailand), molecular weight 360 Da,
deacetylation degree 85%, added by fruit immersion for 1 min) [48]. In fruits of mango cultivar
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Tommy Atkins artificially contaminated with the pathogens, CHT alone or in combination with
Mentha piperita L. essential oil (5-7.5 mg/mL CHT, obtained from Sigma-Aldrich Corp. (St. Louis,
MO, USA), medium molecular weight, deacetylation degree 75-85%, batch MKBH1108V, added
by fruit immersion for 5 min) effectively inhibits mycelial growth of five different Colletotrichum
species: C. asianum, C. dianesei, C. fructicola, C. tropicale and C. karstii [49]. Coating with CHT solutions
(1-3% CHT, obtained by Sigma-Aldrich, viscosity 20-300 cP, deacetylation degree 95-98%, added by
fruit immersion for 1 min) delays climacteric peak, water loss and preserves fruit firmness in Mangifera
indica L. cv. Palmer by affecting basic mitochondrial respiration and starch degradation rate [50].
Despite this large number of papers published in recent years, the mode of action of CHT in fruit
protection is not yet fully clarified. However, the research summarized in Table 3 indubitably shows
that the anti-pathogen activity of CHT is the main component of its protective effect on detached fruits,
suggesting the possible general use of this compound for pest control. Very recently, by transcriptomic
analyses, researchers started to investigate the genes that are either activated or repressed in fruits
treated with CHT. Treatment with 1% CHT (obtained from Chito Plant, ChiPro GmbH, Bremen,
Germany, added by spraying the plant canopy) of strawberry cultivar “Alba” (Fragaria X ananassa;
2n = 8x = 56) plant canopy induces in fruits harvested at 6, 12, and 24 h post-treatment the different
expression (fold change > 2) of more than 5000 genes. These genes are associated with biotic
and abiotic stresses, plant immune system, hormone metabolism, systemic acquired resistance,
photosynthesis, heat-shock proteins, and reprogramming of protein metabolism with an increment of
storage proteins [51]. In addition, expression profiles show that avocado (Persea americana Mill) fruits
inoculated with Colletotrichum gloeosporioides in the presence of 1.5% CHT (obtained by Sigma Aldrich,
viscosity 35 cP, deacetylation degree 96.1%, added by fruit immersion for 1 min) present a greater
number of differentially expressed genes, compared to the fruits inoculated with the pathogen in the
absence of CHT. These differentially expressed genes are involved in many metabolic processes [52].

5. Conclusions

The large number of papers published in the last year show that CHT, as a unique product
available in large quantities and at a low price, has a bright future in development of sustainable
agricultural practices as well as in food production and preservation. In particular, given the always
growing demand for food worldwide, the ongoing climate change and the consumption of farmlands,
CHT appears to be a promising tool for cultivation under stress conditions and to permit the cultivation
of varieties with interesting organoleptic properties but with severe fruit-bearing duration problems.
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Abstract: Chitosan is a cationic polysaccharide that is usually obtained by alkaline deacetylation of
chitin poly(N-acetylglucosamine). It is biocompatible, biodegradable, mucoadhesive, and non-
toxic. These excellent biological properties make chitosan a good candidate for a platform in
developing drug delivery systems having improved biodistribution, increased specificity and
sensitivity, and reduced pharmacological toxicity. In particular, chitosan nanoparticles are found to be
appropriate for non-invasive routes of drug administration: oral, nasal, pulmonary and ocular routes.
These applications are facilitated by the absorption-enhancing effect of chitosan. Many procedures for
obtaining chitosan nanoparticles have been proposed. Particularly, the introduction of hydrophobic
moieties into chitosan molecules by grafting to generate a hydrophobic-hydrophilic balance
promoting self-assembly is a current and appealing approach. The grafting agent can be a
hydrophobic moiety forming micelles that can entrap lipophilic drugs or it can be the drug itself.
Another suitable way to generate self-assembled chitosan nanoparticles is through the formation of
polyelectrolyte complexes with polyanions. This paper reviews the main approaches for preparing
chitosan nanoparticles by self-assembly through both procedures, and illustrates the state of the art
of their application in drug delivery.

Keywords: chitosan; self-assembled; polyelectrolyte complex; nanoparticle; drug delivery

1. Introduction

Chitosan (CS) is a family of linear polysaccharides that is composed of glucosamine and
N-acetylglucosamine units linked together by 3 (1 — 4) glycosidic links (Figure 1). CS is obtained
by the partial deacetylation of the naturally occurring polysaccharide, chitin, which is essentially
poly(N-acetylglucosamine). Depending on the natural source and the conditions used to isolate
and deacetylate chitin, the resulting degree of acetylation (DA) and molecular weight of chitosan
will depend on the reaction parameters that are involved [1]. Molecular weight, the DA, and even
the pattern of acetylation (the distribution of glucosamine and N-acetylglucosamine units along the
chitosan chain) will affect its chemical and biological properties [2,3].

The degree of deacetylation (DD = 100 — DA) of chitosan is about 50% or higher. In dilute
aqueous acid solutions, the amino groups of chitosan become protonated, allowing for its dissolution.
In fact, the solubility of chitosan in 1% or 0.1 M acetic acid is a simple and practical criterion used to
differentiate it from chitin. However, chitosan solubility depends on its DD, the ionic concentration,
the pH, and the distribution of acetyl groups along the chain, as well as the conditions of isolation and
drying. If deacetylation of chitin is performed under homogeneous conditions chitosans with a DD
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about 50% might dissolve, but if deacetylation is carried out under heterogeneous conditions, DD of
65% or higher is usually needed to achieve dissolution [4].

100 - DA

Figure 1. Structural units of chitin and chitosan. (A) N-acetylglucosamine unit; (D) Glucosamine unit.
In chitosan DA < 50.

Chitosan is a biocompatible, biodegradable, and non-toxic material. It exhibits other significant
biological properties, such as wound healing capacity, antimicrobial and hemostatic activities. It is
an excellent film former and can be processed into fibers, gels, microspheres-microcapsules, and
micro/nanoparticles [5]. Also, because it has free -OH and -NH, groups in its structure, it is amenable
to chemical modifications that can potentiate some of its properties for certain applications. All of
these remarkable physical, chemical, and biological properties have made CS an excellent candidate
for applications in cosmetics, food industry, medicine and pharmacy [4]. The preference of chitosan in
comparison with other cationic polymers, such as polylysine, polyarginin, or polyethyleneimine for
many of these applications relies on its comparatively lower toxicity [6].

Mucoadhesive and absorption-enhancing properties are also found in CS. It opens the tight
junctions between cells so that the drug of interest can traverse the mucosal cells. [7,8]. These properties
also make CS an ideal candidate for the delivery of drugs and bioactive molecules in general. Numerous
reports show the applications of CS in drug delivery, with several reviews on the subject [6,8-10].
Applications include CS as an excipient in tablets, chitosan hydrogels, films, fibers, micro/nanocapsules
and micro/nanoparticles.

Nanoparticles of CS are applied in drug delivery, not only by the traditional administration
routes (e.g., oral and parenteral routes), but also via mucosal (nasal, pulmonary, vaginal) and ocular
routes [11]. Chitosan nanoparticles are as well used in designing non-viral vectors for gene delivery
and the delivery of vaccines [12].

Different approaches have been used to produce CS nanoparticles. These include ionotropic
gelation [13,14], spray drying [15], water-in-oil emulsion cross-linking [16], reverse micelle
formation [17,18], emulsion-droplet coalescence [19,20], nanoprecipitation [21], and by a self-assembling
mechanism [22,23].

The self-assembling has been described as the association of certain molecules, macromolecules,
or composite materials with themselves to form tridimensional networks or other structures with
new distinguishing properties. The self-assembling process can take place at the molecular or
supramolecular level [24,25]. It can occur by self-association or by an association with other structures
through interactions such as hydrogen bond, van der Waals forces, and ionic or hydrophobic
interactions. It can also be caused by an inclusion/complexation mechanism, like the iodine inclusion
complex with starch [25].

CS self-assembled (also referred to as self-aggregated) nanoparticles (NPs) are particularly useful
for encapsulating hydrophilic as well as lipophilic drugs [26]. Self-assembly can be provoked by
the introduction of hydrophobic moieties into the CS molecules by grafting, in order to modify
its hydrophobic-hydrophilic balance. The grafting agent can be a hydrophobic moiety, such as
cholesterol [27], cholic [28], and deoxycholic acid [29], or 53-cholanic acid [30], to form micelles that
can entrap lipophilic drugs or it can be the drug itself. Frequently, a water soluble CS derivative, such
as glycol chitosan [31] or succinyl chitosan [32], is used instead of CS. Another suitable way to generate
self-assembled chitosan nanoparticles is through the formation of polyelectrolyte complexes with
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polyanions [33]. The aim of the present article is to review the main approaches used for preparing
chitosan nanoparticles by self-assembly through both procedures, and to illustrate the state of the art
in drug delivery.

2. Polyelectrolyte Complexes

Polyelectrolyte complexes (PECs) are formed when the solutions of two polyelectrolytes carrying
complementary charges (i.e., a polycation and a polyanion or their corresponding salts) are mixed
together. PEC formation is mainly caused by the strong Coulomb interaction between the oppositely
charged polyelectrolytes. The formation of complexes brings about at least a partial charge
neutralization of polymers [10]. The complexes obtained (also called polysalts) generally precipitate or
separate from the solution forming a complex rich liquid phase (coacervate). However, under certain
conditions, the polyelectrolytes, with weak ionic groups and significantly different molecular weights
at non-stoichiometric mixing ratios, can generate water-soluble PECs on a molecular level [34,35].

The formation of polyelectrolyte complexes is accompanied by the release of small counter-ions into
the medium. The increase in entropy produced by the release of these low molecular weight counter-ions
to the medium is the main driving force for PEC formation. Although the electrostatic interaction
between the complementary ionic groups of polyelectrolytes is responsible for PEC formation, hydrogen
bonds, and hydrophobic interactions also contribute to complexing. The arrangement of chains in
a PEC can be envisaged as a combination of a disordered scrambled egg-like structure and a highly
ordered ladder-like organization (Figure 2). Therefore, the actual structure having hydrophobic and
hydrophilic regions makes PECs a particular class of physically cross-linked hydrogels that are sensitive
to pH and to other environmental factors such as temperature and ionic strength.

real structure

[°]
@ ®
scrambled egg
@ e
s : 4 o TR -
[}
® @
@ Q
olycation lyanion ©
L oy hydrophobic
segment
hydrophilic
segment

ladder

Figure 2. The structure of polyelectrolyte complexes. Scrambled egg and ladder arrangements
illustrate extreme situations. The actual structure can be represented as an intermediate one combining
hydrophobic ladder-like segments coexisting with disordered hydrophilic regions.

Many factors affect the structure and stability of PECs; these include: the degree of ionization
of each one of the polyelectrolytes and their charge density and charge distribution on the polymer
chains, polyelectrolytes concentration, mixing ratio (Z), mixing order, the nature of the ionic groups
on the polymer chains, molecular weights of the polyelectrolytes, flexibility of the polymer chains,
interaction time and temperature and ionic strength, as well as the pH of the medium [36].
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As a cationic biopolymer, CS may react with negatively charged polyelectrolytes, giving rise to
the formation of PECs [37,38]. Many reports show PECs produced with chitosan and carboxymethyl
cellulose (CMC) [39,40], alginate [41-45], poly(acrylic acid) [46,47], pectin [48-51], carrageenans [52,53],
heparin [54], and other polyions [55-61].

2.1. Chitosan Based PEC Nanoparticles and Their Application in Drug Delivery

Because of the above mentioned biological properties of CS, many applications of these PECs
have been proposed for biomedical purposes, particularly for drug delivery [62]. Hence, researchers
have shown special interest in the preparation of chitosan PEC nanoparticles for the delivery of drugs,
proteins, genes, and vaccines [36,63,64].

When chitosan PEC particles are formed, they tend to aggregate because of charge neutralization,
therefore, at least two conditions are mandatory in order to avoid aggregation and to obtain
nanoparticles: the polyelectrolyte solutions must be diluted, and one of the polyions must be in
the appropriate excess required so that the charge ratio (n,/n_) # 1 (Figure 3).

polycation polyanion aggregate

nanoparticle

Figure 3. Effect of the polyelectrolytes charge ratio on the size and charge of the polyelectrolyte
complexes (PEC) formed. When the charge ratio is different from one, the nanoparticles formed are
charged with the same charge as the polyion in excess. If the charge ratio equals one, uncharged
particles are formed, thereby producing large aggregates.

Other conditions, such as pH (particularly important in weak polyelectrolyes), ionic strength, and
the mixing rate, should be adjusted to the particular chitosan-polyanion pair system selected, since
these variables will also influence the size and charge of nanoparticles.

Different preparation methods will result in diverse kinds of nanoparticles, which can be classified
as nanoaggregates, nanocapsules or nanospheres. The particular procedure selected can be largely
determined by the water solubility of the active agent that will be encapsulated and the polyanion used.
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2.1.1. Chitosan-Alginate PEC Nanoparticles

Alginates are a family of anionic polysaccharides extracted from brown algae. They are composed
of x-L-guluronic acid (G) and 3-D-mannuronic (M) acid units that are linearly linked by 1,4-glycosidic
bonds (Figure 4). The M/G ratio and their distribution along the chains (chain microstructure) are
strongly dependent on the particular species of algae from which it was extracted [65]. Alginate (ALG)
is non-toxic, biocompatible and biodegradable, mucoadhesive, and non-immunogenic. The gelling
capacity of ALG in the presence of calcium ions in the so-called “egg-box” model has been extensively
employed to prepare gels, capsules, and micro- and nanoparticles for drug delivery [66]. The guluronic
units are responsible for the crosslinking reaction; and, the properties of the beads formed, such
as strength and porosity, will therefore depend on the alginate source. Other parameters affecting
the characteristics of beads are ALG molecular weight, and the concentration of CaCl, and alginate
solutions [65].

Chitosan-alginate PEC nanoparticles are usually prepared by one of the following three procedures.
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Figure 4. (A) Structural units in alginate. (G) Guluronic acid; (M) Mannuronic acid; (B) Representation
of two G-blocks forming an ‘egg box’ sequence with a calcium ion.

Plain Complex Coacervation by Mixing Dilute Solutions of CS and ALG

In this procedure, the order of addition of one polysaccharide into the other, the CS/ALG ratio,
the molecular weight of both polyelectrolytes and the pH and the ionic strength of the solutions
are important factors in determining the relevant parameters of nanoparticles (size, particle charge,
stability, encapsulation efficiency).

This procedure was used by Liu and Zhao [67] to prepare negatively or positively charged
CS/ALG nanoparticles by dropping a CS solution over the ALG solution. They found that particle
sizes varied from 320 to 700 nm, depending on the pH and the ionic strength of the solution. At pH
4.80 in deionized water the sample displayed a narrow unimodal size distribution with an average
hydrodynamic diameter (Dh) of 329 & 9 nm. The Zeta-potential of NPs was also dependent on pH and
ranged from +6.34 mV at pH 3.0 to -44.5 mV at pH 10.0. The loading capacities of NPs for ibuprofen
and dipyridamole were 14.18% and 13.03%, respectively. Drug release was governed simultaneously
by the solubility of the drug and the permeability of the CS/ALG nanoparticles [67].

In a modification of this procedure, a CS solution containing Tween 80 (stirring the chitosan solution
with Tween 80 generated chitosan drops) was dropped into a previously prepared solution of an alginate
complex with doxorubicin (DOX). The NP suspension was stirred overnight and the doxorubicin
loaded CS/ALG NPs were separated by centrifugation. The size of the NPs was 100 & 35 nm, with a
polydispersity index (PDI) of 0.40 4= 0.07, the Zeta-potential was of +35 + 4 mV, and the encapsulation
efficiency (EE) achieved was 95 £ 4% for the optimal formulation (CS/ALG = 2:1) [68].
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The reverse procedure was used to encapsulate amoxicillin in CS/ALG nanoparticles. Essentially,
a mixture of chitosan, Pluronic F-127 (surfactant), and amoxicillin was prepared in various
concentrations of all the components. An aqueous solute on of ALG was sprayed into this mixture with
stirring to form NPs. Both of the solutions were at pH 5.0. The process was optimized for variables
such as pH and the mixing ratio of polymers, concentrations of polymers, drug and surfactant, using
the 33 Box-Behnken design. The resulting particle size, surface charge, drug entrapment percentage,
in vitro mucoadhesion, and in vivo mucopenetration of nanoparticles in rat models were analyzed.
The optimized formulation with particle size, Zeta-potential and encapsulation efficiencies of 651 nm,
+59.76 mV and 91.23%, respectively, showed comparatively low in vitro mucoadhesion as compared to
plain chitosan nanoparticles, but excellent mucopenetration and localization [69].

A modified hybrid blending system was developed by Goycoolea et al., which combined
the complex coacervation of CS and ALG with the ionotropic gelation of CS with trisodium
tripoliphosphate (TTP). The purpose of this combination was to increase the stability in the biological
media and for better pharmacological performance than with conventional CS-TPP nanoparticles.
In this method, an ALG solution containing TPP was mixed under rapid stirring with the CS solution
forming the CS-TPP-ALG nanoparticles. Insulin loaded CS-TPP-ALG nanoparticles were obtained by
adding insulin into the ALG-TPP solution before mixing with the CS solution. The average particle
size of the insulin-loaded CS-TPP-ALG NPs was 297 + 4 nm (PDI 0.25), similar to that of the unloaded
NPs, which was 307 4= 5 nm (PDI 0.22). High positive Zeta-potential values ~+42 mV were obtained in
both cases, providing good stability to the NPs. Insulin loading efficiencies (defined as insulin loaded
per weight of nanoparticles) as high as 50.7% were attained [70].

Ionotropic Pregelation of Alginate Followed by Complexation with Chitosan

This is a very common method in which pregelation is usually attained with CaCl,, but other
divalent ions may also be used. The active agent can be dissolved or dispersed in the ALG solution
or it can be loaded into the resulting CS/ALG nanoparticles. Azevedo et al. used this procedure by
setting the initial pH of the ALG and CS solutions to 4.9 and 4.6, respectively. In their formulation, the
average size of CS/ALG NPs was 120 & 50 nm with a Zeta-potential of —30.9 £ 0.5 mV. Vitamin B2
loaded NPs were obtained by dissolving the compound in the ALG solution before the pregelation
step. The average size of nanoparticles with vitamin B2 was 104 & 67 nm (PDI 0.32 £ 0.07) with a
Zeta-potential of —29.6 &= 0.1 mV. The nanoparticles showed EE and loading capacity (LC) values of
56 & 6% and 2.2 £ 0.6%, respectively [71].

Oil-in-Water (O/W) Microemulsion of Alginate Followed by Ionotropic Gelation and Further
Complexation with Chitosan

This method is usually preferred for encapsulating hydrophobic drugs. The preparation of
nanocapsules is carried out by emulsifying a solution of the drug (oil phase) into the aqueous sodium
alginate solution containing a surfactant, followed by gelation with calcium chloride and CS.

Bhunchu et al. used this method to prepare CS/ALG NPs containing curcumin diethyl disuccinate
(CDD). CDD dissolved in acetone (1 mL) was dropped into 20 mL of a dilute ALG solution (0.6 mg/mL)
containing a non-ionic surfactant (Pluronic F127, Cremophor RH40™ and Tween 80®). Four mL of
a CaCl, solution (0.67 mg/mL) was added while stirring, followed by sonication. Four mL of the
CS solution at various concentrations (0.15-0.45 mg/mL in 1% (v/v) acetic acid) were added with
continuous stirring at 1000 rpm for 30 min. After standing overnight for equilibration the CDD loaded
CS/ALG NPs were obtained as dispersion in the aqueous solution. Pluronic F127 gave the smallest
particle size, 414 + 16 nm (PDI 0.63 =+ 0.05) with the highest Zeta-potential, —22 + 1 mV. The EE and
LC of these NPs were 55 £ 1% and 3.33 £ 0.08%, respectively. These NPs improved cellular uptake of
CDD in Caco-2 cells, as compared to free CDD [72].

A list of some selected examples of CS/ALG PEC nanoparticles based on the different procedures
mentioned above is given in Table 1.
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Table 1. Chitosan-Alginate PEC nanoparticles. The intervals shown generally indicate extreme values
obtained under different preparation conditions.

Procedure Active agent Particle size (nm) Zeta-potential (mV) Ref.

Complex coacervation

Ibuprofen Dipyridamole 320 to 700 ® +6.34P t0 445 [67]
CS added into ALG Gatifloxacin @ 347 ¢ +38.6 ¢ [73]
CS into ALG-DOX D bici 100 + 28 P +36+3b [68]
oxorubian 100 +35°¢ 435+ 4°¢
Amoxicillin @ 264 to >601 +35to+61.9 [69]
; b b
ALG added into CS . Flu9resce1n 338 + 16C +34+8 .
ALG into Thiolated CS isothiocyanate 266 +7 +30 + 4 [74]
Fluorescein 338 +16° +34 £8P
isothiocyanate 266 +7°¢ +30+4¢
ALG + TPP added into CS Insulin 260-525 +41 to +50 [70]
Ionotropic pregelation of alginate plus PEC coating with CS
. 781+ 61° ~15+2b
Insulin 748 + 217 —6+2¢ 73]
CS into Ca/(ALG + drug) . . 120 +50°P —309+05P
Vitamin-B2 104 + 67° ~29640.1°¢ (71
Acetamiprid 201.5 —-32.1 [76]
CS + EGF into Ca/ALG EGF-antisense @ 194-1435 ~+30 [77]
CS + plasmid into .
Ca/ALG PpEGFP plasmid 161 +29.3 [78]
o/w ALG microemulsion followed by ionotropic gelation and further complexation with CS
Turmeric oil 522-667 —21.8to —22.2 [79]
AA. 400 [80]
CDD 410 £20 22+1 [72]
LMWAIg + OligoCS BSA 134-229 [81]

@ Optimization performed; b ynloaded particle; © loaded particle; A.A., aminoacid derivatives; CDD, curcumin
diethyl disuccinate; * pH 3.0.

Inspection of Table 1 reveals that a wide variation in particle size and Zeta-potential is reported
for all of the three general procedures devised for preparing CS-ALG PEC nanoparticles. The same
happens with the EE and the LC. This is a consequence of the already mentioned dependence of these
parameters on multiple variables.

In plain complex coacervation a surfactant is sometimes added to improve the entrapment
efficiency and the solubility of the drug [69,73], but it might increase the size of the particles and
decrease the Zeta-potential [69]. EE values that are reported in these methods vary from around
50% [69,70] to 95% [67]. The LC is not always declared, but the values of 14.18% and 13.03%, depending
on the drug [66], have been reported.

In the method based on the pregelation of alginate encapsulation efficiencies reported are in
general higher than 50%. For instance, Azevedo et al. [71] reported an EE of 56 4 6% for vitamin
B2, while other authors declared 73 + 2% for insulin [75], 62% for acetamiprid [76], and 95.6% for
EGF-antisense [77]. However, loading capacities reported were only 2.2 + 0.6% [71] and 10 & 2% [75].
For the NPs that are loaded with vitamin B2 the PDI was 0.32 4= 0.07. The other reports did not declare
the PDI obtained.

The method based o/w microemulsion of ALG followed by ionotropic gelation and complexation
with CS produced in general nanocapsules with sizes of about 400 to 660 nm [72,79,80]. The PDI was
reported only in reference [74] and was 0.63 & 0.05. When using low molecular weight polysaccharides,
particles sizes ranging from 134 to 229 nm were reported [81]. Encapsulation efficiencies informed
were 55 £ 1% for curcumin diethyl disuccinate (LC, 3.33 &+ 0.08%) [72] and 88.4% for BSA [81].
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2.1.2. Chitosan-Pectin PEC Nanoparticles

Pectin is an anionic hetero-polysaccharide derived from plant cell walls, consisting primarily of
1,4 linked o-D-galactopyranosyl uronic acid residues with 1,2-linked a-L-rhamnopyranose residues
interspersed with varying frequencies (Figure 5). Pectin structure also presents a certain amount of
neutral sugars (arabinose, galactose, rhamnose, xylose, and glucose). A number of galacturonic acid
residues in the pectin are methyl or acetyl esterified. The percentage of galacturonic acid residues that
are esterified is known as the degree of esterification (DE).
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Figure 5. Chemical structure of partially acetylated polygalacturonic acid in pectin.

Pectin is hydrophilic, biocompatible, and biodegradable, and it has low toxicity. As in ALG, pectin
with a low methoxyl content (DE < 50%), has the ability to gel in the presence of Ca?* ions generating
junction zones between chains with an egg-box structure. Pectins with higher DE can also form gels,
provided that there are a sufficient number of blocks of non-esterified uronic acid residues per molecule
to allow the formation of a sufficient number of junction zones to form a network. These properties of
pectin have been employed to prepare diverse formulations for drug delivery applications.

Galacturonic acid provides pectin with a negative charge in solutions with pH higher than 3.5,
permitting the formation of polyelectrolyte complexes with chitosan. The strength of the interaction
depended on the degree of esterification of the pectin, with pectins of a relatively low DE (36%) readily
forming PECs with CS [82]. PEC formation is also affected by the ratio of pectin to CS and the pH of
the solutions [83].

CS-pectin PEC nanoparticles can be prepared by the same methods previously described for
CS-ALG PEC nanoparticles. Birch and Schiffman prepared nanoparticles by the complex coacervation
technique adding pectin at the appropriate CS-to-pectin ratio to the CS solution. They thereby obtained
particle sizes ranging from 560 + 10 nm to 1000 £ 40 nm. The Zeta-potential varied from +20 + 1 mV
to +26 £ 1 mV. When the addition order was reversed the particle size increased from 460 4= 20 nm to
1110 + 30 nm and the Zeta-potential changed from +19 4= 1 to +28 & 1 mV [84].

Rampino et al. prepared CS-pectin PEC nanoparticles by two different procedures: a) coating, by
adding a dispersion of low molecular weight CS NPs previously prepared by the ionotropic gelation
of CS with TPP to a pectin (from apple and citrus fruit) solution; and, b) blending, by adding a CS
solution to a solution of pectin and TPP. Nanoparticles were charged with ovalbumin (OVA) and
bovine serum albumin (BSA) as the model proteins. They pointed out that the blending technique
could be advantageous because, by being a one-step preparation, it is highly desirable for a scale-up
process. Additionally, it gives the possibility of tuning the size and Zeta-potential by properly selecting
the ratios of CS, pectin, and TPP. However, they found that there was a decrease in the loading of BSA
and OVA in the case of the blending technique (loading efficiency, ranging between 16% and 27%) due
to the electrostatic interactions of CS with the protein and pectin, both negatively charged. Therefore,
they concluded that the selected technique would depend on the physicochemical characteristics of
the polymer and the protein involved [85]. Some of the parameters reported in their work are listed
in Table 2, together with some selected examples of CS-pectin preparation procedures reported by
other authors.
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Table 2. Chitosan-Pectin PEC nanoparticles. The intervals shown generally indicate extreme values
obtained under different preparation conditions.

Procedure Active agent Particle size (nm)  Zeta-potential (mV) Ref.

Complex coacervation

441+ 322
Insulin 580-896 P +62£3P [86]
*650 £ 86 P +33£4P
. . Curcumin 10-59 (dry NPs) [87]
Pectin added into CS - 1175-2618 2 —22.51t0 435,02 23]
nsuin 964-2510 —22.4t0+332°
Nisin 301-712° [88]
None 560-1000 +20 to +26 [84]
CS added into Pectin None 460-1110 +19 to +28 [84]
Combined ionotropic gelation and complex coacervation
Pectin + TPP added into CS Insulin 375-7239 +10.6 to +32.7 [86]
CS added into Pectin + TPP OVA 250-750 @ —20to —292 [85]
200-400 @ —15t0 —452
. . 5
CS + TPP added into Pectin BSA 700-1250 b _3gb [85]
lonotropic pregelation of pectin plus PEC coating with CS
a . a
CS added into Pectin + CaCly OVA 419 304 84]
302-409 —219to —26.0°

@ Unloaded particle; b Joaded particle * The CS solution contained Ca?* ions.

Not all of the references in Table 2 report parameters, such as EE, LC, and PDI. In plain complex
coacervation, Maciel, et al. [23] reported microparticles with size less than ~2500 nm using charge
ratios (1, /n_ given by the chitosan/pectin mass ratio) of 0.25 and 5.00, with PDIs of 0.25 4 0.06 and
0.40 £ 0.06, respectively. The highest EE (~62.0%) of the system was observed at a charge ratio (1, /n_)
5.00. Andriani et al. [87] added glutaraldehyde to the chitosan-pectin mixed solution. This way, they
obtained encapsulation efficiencies varying from 24.0% (LC 6.30%) to 94.7% (LC 21.05%). Combining
ionotropic gelation and complex coacervation, Al-Azi, et al. [86] reported a PDI of 0.67-0.71. Insulin
association efficiency varied from 2.40 £ 0.33% (LC 0.31 £ 0.04%) at pH 3, to 4.06 £ 0.12% (LC
0.52 + 0.01%) at pH 5. Using Ca®* ions caused a marked improvement in insulin association efficiency
of nanoparticles.

2.1.3. Chitosan-Dextran Sulfate PEC Nanoparticles

Dextran sulfate (DS) is a biodegradable and biocompatible negatively charged branched polyanion
that is able to interact with positively charged polymers. It is a high-molecular weight, branched-chain
polysaccharide polymer of D-glucose containing 17-20% sulfur. The straight chain consists of
approximately 95% a-(1,6) glycosidic linkages. The remaining «-(1,3) linkages account for the branching

of dextran (Figure 6).
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Figure 6. The chemical structure of dextran sulfate.
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DS has been used as an anticoagulant and with applications in drug delivery. For instance, it
was used to mask the positive charge of doxorubicin (DOX) before its addition to a CS solution for
nanoparticle formation by ionotropic gelation with TPP. This modification doubled DOX EE relative to
the controls, and made it possible to reach loadings of up to 4.0 wt % DOX [89].

CS-DS PEC nanoparticles are almost invariably prepared by simple coacervation. The factors
affecting the mechanism for the formation of these nanoparticles: the mode of addition, charge
mixing ratio, pH and ionic strength of the media, and the molar mass of both components have been
thoroughly reviewed by Schatz et al. [90,91].

There are numerous reports on the preparation of CS-DS PEC nanoparticles with a potential
application for the delivery of proteins (insulin, BSA), growth factors [92-94], immunoglobulin-A [95],
and vaccines [96,97]. Recently, fluorescein isothiocyanate loaded CS-DS nanoparticles (FCS-DS NPs;
mean size, 400 nm (PDI 0.25 £ 0.01); and, surface charge, +48 mV) were topically applied to the
porcine ocular surface where it was retained for more than 4 h. After 6 h under the topical FCS-DS
NPs treatment, particles were accumulated in the corneal epithelium but were not found in the
corneal stroma. However, when the epithelium was removed, the FCS-DS NPs penetrated the stroma.
These results indicate that FCS-DS NPs are potentially useful for drug/gene delivery to the ocular
surface and to the stroma when the epithelium is damaged [98].

Most of nanoparticles formulations reported describe processing factors affecting the characteristics
of CS-DS nanoparticles, including their physicochemical properties as well as the optimal conditions
for their preparation. Some examples are listed in Table 3.

Table 3. Chitosan-Dextran sulfate PEC nanoparticles. The intervals shown generally indicate extreme
values obtained under different preparation conditions.

Procedure Active agent Particle size (nm)  Zeta-potential (mV) Ref.

Complex coacervation

>244 2 —47.1to —6072
DS added into CS BSA 478-1138 > —28.0 to +56.4 P [99]

Rhodamine 6G 245-3521 P —31.0 to +34.0°
Insulin 489-665 b —04to —21.5b [100]
527-1577 b —20.6to +11.5P [101]
CS added into DS Amphotericin B 616-891°° [93]

P 644-1040 ® “27t0 37
239 —18.4
®
REPIFERMIN 306 155 [94]
a _ a

Mixing with agitation Hydralazine §Z(()) i gg b 7; i: Allb [102]

2 Unloaded particle;  loaded particle.

In Table 3, reference [99] illustrates that different results are obtained for the same system when
used to encapsulate two different substances, BSA and Rhodamine 6G, by complex coacervation.
In this work, the size of the BSA loaded CS-DS NPs varied from 478 nm (PDI 0.64; EE 96.8%; LC 81.6%)
to 1138 nm (PDI 0.97; EE 53.2%; LC 29.3%). However, the Rhodamine 6G loaded nanoparticle sizes
were higher, varying from 545 nm (PDI 0.60; EE 98%; LC 31%) to 3521 nm (PDI 0.68; EE 42%; LC 18%).
In both cases, the bigger NPs were more polydisperse and had lower LC and EE [99].

Sarmento et al. prepared CS-DS PEC nanoparticles containing insulin with association efficiencies
varying from 85.4 £ 0.5% to 72 % 3%, depending on CS/DS mass ratio [100]. In a later article [101],
these authors evaluated the pharmacological activity of insulin-loaded CS-DS PEC nanoparticles
following oral dosage in diabetic rats. On this occasion, they introduced small changes in the
preparation parameters and obtained somewhat lower association efficiencies, ranging from 69 + 1%
(LC, 2.3 £ 0.6%) to 24 & 2% (LC, 2.0%) [101]. This influence of the preparation parameters on the

125



Polymers 2018, 10, 235

characteristics of the PEC nanoparticles can be used to modify them to meet the specific requirements
of a determined application.

PECs of soluble chitosan derivatives with DS have also been formulated to overcome the
insolubility of chitosan in neutral and basic media. Glycol chitosan (GC) and DS solutions were mixed
together to prepare GC-DS PEC nanoparticles that were loaded with the antifolic agent methotrexate
(MTX), aiming to increase its efficacy for the treatment of brain tumors. EE was as high as 87% for
a particle size of 149 + 41 nm (PDI 0.7 & 0.1). In vitro experiments indicated their potential for the
controlled delivery of the drug to the brain [103].

PEC nanoparticles of water soluble N,N,N-Trimethyl chitosan (TMC) and DS were prepared
by adding DS solutions to TMC solutions at the desired pH values (5, 8, 10, and 12). The release
efficiency and ex vivo nasal toxicity evaluation were assessed after loading a model drug, ropinirole
hydrochloride, into an optimized PEC formulation at pH 10 (particle size, 255 £ 10 nm; Zeta-potential,
—4 4+ 1mV; LC = 82 £ 2%; EE = 87.9 & 0.6%). Data indicated that the PECs produced at alkaline
pH have a reliable formulation for nasal administration. They are biologically compatible with the
mucosal surface, thereby being potentially applicable as carriers for nose to brain drug delivery [104].

2.1.4. Chitosan-Carboxymethyl Chitosan PEC Nanoparticles

O-Carboxymethyl chitosan (CMCS) is a water-soluble amphiphilic derivative of chitosan that
conserves the biological properties of native chitosan with increased antibacterial activity [105].
The structural unit of CMCS is shown in Figure 7. CMCS has been applied in biomedicine, especially
in drug delivery where CMCS nanoparticles prepared by ionotropic gelation have demonstrated
promising results for drug [106,107] and antigen delivery [108].
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Figure 7. The structural unit of carboxymethyl chitosan.

The pKa of CMCS is 2.04.0, so that at pH above 4 it is negatively charged and forms
polyelectrolytes complexes with chitosan [109]. CS-CMCS PEC nanoparticles were produced by
complex coacervation. Wang et al. developed insulin-loaded nanogels with opposite Zeta-potential
by adding a previously prepared insulin-CMCS solution into a CS solution (particle size, 260 £ 5 nm;
PDI0.08 £ 0.02; Zeta-potential, +17.2 + 0.5 mV for insulin: CMCS/CS-NGs(+)) or inversing the order
of addition (particle size, 243 4+ 4 nm; PDI 0.03 + 0.01; Zeta-potential, —15.9 &= 0.5 mV for insulin:
CMCS/CS-NGs(—)), respectively. Encapsulation efficiencies of about 75% and loading capacities near
30% were attained in both cases. They observed that negatively charged particles exhibited enhanced
mucoadhesion in the small intestine and had better intestinal permeability in the jejunum, indicating
there was a better performance in insulin: CMCS/CS-NGs(—) for blood glucose management than in
those positively charged [110,111].

CS-CMCS nanoparticles have also been prepared by combining ionotropic gelation and complex
coacervation. CMCS and TPP at varying concentrations were blended with a previously prepared
mixture of DOX and CS solutions. Nanoparticles sizes between 249 £ 10 nm (Zeta potential,
—27.6 £ 0.8 mV) and 362.7 £ 8.4 nm (Zeta potential, —42 + 1 mV) with encapsulation efficiencies and
loading capacities of around 70.5% and 20%, respectively, were obtained depending on the preparation
conditions. Results from in vivo experiments indicated that CS/CMCS-NPs were efficient and safe for
the oral delivery of DOX [112]. After certain modifications of the preparation procedure, positively
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charged CS/CMCS-NPs were obtained. This time, the DOX aqueous solution was premixed with
CMCS and the CS solution and TPP were subsequently blended with the mixture under agitation.
Nanoparticles sizes were of between 197 & 11 nm (PDI 0.235; Zeta-potential, +37.6 £ 0.8 mV) and
442 + 7 nm (PDI 0.635; Zeta-potential, +12.2 £ 0.6 mV), depending on the pH of the medium. In vivo
studies revealed that CS/CMCS-NGs had a high transport capacity by paracellular and transcellular
pathways, which guaranteed the excellent absorption of encapsulated DOX throughout the entire small
intestine [113].

2.1.5. Chitosan-Chondroitin Sulfate PEC Nanoparticles

Chitosan-chondroitin sulfate PEC NPs have been prepared by complex coacervation and the
influence of the preparation conditions on the properties of nanoparticles was reported [114,115].
Chondroitin sulphate is a linear glycosaminoglycan (GAG) that is composed of alternating
D-glucuronate and (3(1,3) linked N-acetyl-D-galactosamine-4- or 6-sulfate (Figure 8). It is found in
cartilage, bone and connective mammalian tissue. Chondroitin sulphate (CHOS) has shown in vivo
anti-inflammatory properties in animal models and in vitro regulation of chondrocyte metabolism,
such as the stimulation of proteoglycan and collagen synthesis and the inhibition of the production of
cytokines that are involved in cartilage degradation [116]. Its biological properties have stimulated the
preparation and evaluation of CS-CHOS nanoparticles for drug/gene delivery [117,118] and delivery
of platelet lysates [119]. CS-CHOS nanoparticles have been suggested as a novel delivery system for the
transport of hydrophilic macromolecules [120].
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Figure 8. Chemical structure of chondroitin sulfate.

2.1.6. Chitosan-Heparin and Chitosan-Hyaluronan PEC Nanoparticles

CS PECs with other two glycosaminoglycans, hyaluronic acid (hyaluronan, HA) and heparin
(HEP), have also been used to prepare nanoparticles. HA is a high molecular weight linear
polysaccharide that is composed of 3(1,3) linked D-glucuronate and N-acetyl-D-glucosamine units. It is
present in all soft tissues of higher organisms, and in particularly high concentrations in the synovial
fluid and vitreous humor of the eye. It plays a vital role in many biological processes, such as tissue
hydration, proteoglycan organization, cell differentiation, and angiogenesis, and acts as a protective
coating around the cell membrane. On the other hand, HEP has a more heterogeneous composition, but
its main disaccharide unit is composed of D-glucuronate-2-sulfate (or iduronate-2-sulfate) and o(1,3)
linked N-sulfo-D-glucosamine-6-sulfate, which provides it with the highest negative charge density of
any known biological macromolecule (Figure 9). HEP can be primarily found on the cell surface or in
the extracellular matrix, attached to a protein core. Heparin is a well-known anticoagulant drug and is
extensively used in medical practice [121]. The important bioactivity of both GAGs has stimulated the
preparation of CS-HA and CS-HEP PEC nanoparticles due to their high potential in applications as
delivery systems for these macromolecules, particularly in tissue engineering [58,122-124].
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Figure 9. Chemical structures of (A) Hyaluronic acid and (B) Heparin.

2.1.7. Chitosan and Poly(y-Glutamic Acid) PEC Nanoparticles

Poly(y-glutamic acid) (y-PGA) is an anionic, natural polypeptide that is made of D- and L-glutamic
acid units, joined together by amide linkages between the x-amino and y-carboxylic acid groups
(Figure 10). PEC formation between CS and y-PGA has been evaluated in terms of physical and
chemical properties. In experimental trials, it has shown wound-healing efficacy with a potential
application as a wound dressing material [125].
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Figure 10. Chemical structures of (A) Poly(y-glutamic acid) and (B) Poly(acrylic acid).

PEC nanoparticles of y-PGA and low molecular weight CS were obtained by complex
coacervation by Lin et al. by adding an aqueous y-PGA solution at pH 7.4 to a low molecular
weight CS solution at different pH values. The NPs prepared at pH 6.0 and a CS/y-PGA ratio of 4.5:1.0
(w/w) had a Zeta-potential of +32 + 2 mV with a particle size of 146 & 2 nm (PDI 0.21 £ 0.02). Insulin
loaded NPs were obtained by including insulin in the y-PGA solution before its addition to the CS
solution. Nanoparticles with a mean size of 198 £+ 6 nm (PDI 0.30 £ 0.09) and a Zeta-potential of
28 + 1 mV were obtained when the amount of insulin added was 84 ug/mL (EE 55 £+ 3, LC 14.1 £ 0.9.
Animal studies indicated that the insulin loaded NPs enhanced insulin adsorption and reduced the
blood glucose level in diabetic rats [126]. Hajdu et al. [127] reported the effect of pH, polymer ratios,
concentrations, and orders of addition on the physicochemical properties of NPs.

The same procedure was used to prepare exendin-4 loaded NPs, only that in this case, the CS
solution contained distinct metal ions (Cu?*, Fe?*, Zn?* or Fe3*) to enhance the drug loading efficiency.
Loading efficiency of 61 + 2% (LC 15 = 2%) was achieved for exendin-4 loaded NPs formed with Fe3*.
Their particle size was 261 4= 26 nm [128].

Nanoparticles of y-PGA and CS have also been prepared by the combination of ionotropic gelation
and complex coacervation. To this end, the insulin and y-PGA solutions were premixed. Afterwards,
TPP and MgSQO; solutions were mixed together and were added to the insulin and y-PGA mixture.
The resulting solution was then added by flush mixing with a pipette tip into the aqueous CS solution
and the nanoparticles were then formed. These NPs also resulted in a promising carrier for the
improved trans mucosal delivery of insulin in the small intestine [129,130].
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More recently Pereira et al. used the pregelation method to prepare CS/y-PGA PEC nanoparticles
to be used as a nan