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activity. Recently, there has been a growing interest in the chemical modification of chitosan in order to
improve its solubility and widen its applications. The main chemical modifications of chitosan that have
been proposed in the literature are reviewed in this paper. Moreover, these chemical modifications lead
to a wide range of derivatives with a broad range of applications. Recent and relevant examples of the
Chitosan distinct applications, with particular emphasis on tissue engineering, drug delivery and environmental
Chitosan derivatives applications, are presented.
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1. Introduction

Chitosan is typically obtained by deacetylation of chitin under
alkaline conditions, which is one of the most abundant organic
materials, being second only to cellulose in the amount produced
annually by biosynthesis. Chitin is an important constituent of the
exoskeleton in animals, especially in crustaceans, molluscs and
insects. It is also the principal fibrillar polymer in the cell wall of
certain fungi. As shown in Fig. 1, chitosan is a linear polysaccharide,
composed of glucosamine and N-acetyl glucosamine units linked by
3 (1-4) glycosidic bonds. The content of glucosamine is called the
degree of deacetylation (DD). In fact, in a general way, it is consid-
ered that when the DD of chitin is higher than about 50% (depending
on the origin of the polymer and on the distribution of acetyl groups
along the chains), it becomes soluble in an aqueous acidic medium,
and in these conditions, it is named chitosan. The DD also affects
the biodegradability of this polymer, and for DD above 69% a signif-
icant decrease in in vivo degradation has been found [1]. In fact, for
fully deacetylated chitosan, no susceptibility to lysozyme has been
observed [1,2].

Chitosan displays interesting properties such as biocompat-
ibility, biodegradability [3,4] and its degradation products are
non-toxic, non-immunogenic and non-carcinogenic [5,6]. There-
fore, chitosan has prospective applications in many fields such as
biomedicine, waste water treatment, functional membranes and
flocculation. However, chitosan is only soluble in few dilute acid
solutions, which limits its applications.

Recently, there has been a growing interest in the chemical mod-
ification of chitosan in order to improve its solubility and widen its
applications [7-9]. Derivatization by introducing small functional
groups to the chitosan structure, such as alkyl or carboxymethyl
groups [10,11] can drastically increase the solubility of chitosan at
neutral and alkaline pH values without affecting its cationic charac-
ter. Substitution with moieties bearing carboxylic groups can yield
polymers with polyampholytic properties [12]. Among the various
methods of modification, graft copolymerization has been the most
used. Grafting of chitosan allows the formation of functional deriva-
tives by covalent binding of a molecule, the graft, onto the chitosan
backbone. Chitosan has two types of reactive groups that can be
grafted. First, the free amine groups on deacetylated units and sec-
ondly, the hydroxyl groups on the C3 and Cg carbons on acetylated
or deacetylated units. Recently researchers have shown that after
primary derivation followed by graft modification, chitosan would
obtain much improved water solubility, antibacterial and antiox-
idant properties [13,14]. Grafting chitosan is also a common way
to improve other properties such as increasing chelating [15] or
complexation properties [16], bacteriostatic effect [17] or enhanc-
ing adsorption properties [18]. Although the grafting of chitosan
modifies its properties, it is possible to maintain some interest-
ing characteristics such as mucoadhesivity [19], biocompatibility
[20,21] and biodegradability [22].

The main methods that have been used to chemically mod-
ify chitosan will be described in this paper. Some representative
examples of the chemical reactions and experimental conditions
used will be presented. Finally the most important applications of
such modified chitosan-based materials in different fields are also
discussed.

2. Graft copolymerization

As said before, graft copolymerization is the main method used
to modify chitosan chemically. In recent years, a number of initiator
systems such as ammonium persulfate (APS), potassium persulfate
(PPS), ceric ammonium nitrate (CAN), thiocarbonationpotassium

bromate (TCPB), potassium diperiodatocuprate (III) (PDC), 2,2’-
azobisisobutyronitrile (AIBN) and ferrous ammonium sulfate (FAS)
have been developed to initiate grafting copolymerization [23-26].
Graft copolymerization can also be initiated by <y-irradiation and
enzymes. The grafting parameters such as grafting percentage and
grafting efficiency are greatly influenced by several parameters
such as the type and concentration of initiator, monomer con-
centration, reaction temperature and time. The properties of the
resulting graft copolymers are widely controlled by the character-
istics of the side chains, including molecular structure, length, and
number. Until now, many researchers have studied the effects of
these variables on the grafting parameters and the properties of
the resultant grafted chitosan (e.g., Refs. [14,23-26]). Some repre-
sentative examples of the previously mentioned methods used for
grafting chitosan will now be described separately.

2.1. Grafting initiated by free radicals

Graft copolymerization of vinyl monomers onto chitosan using
free radical initiation has attracted the interest of many scien-
tists in the last two decades. For example, Sun et al. prepared
carboxymethyl chitosan-grafted methacrylic acid (MAA) by using
APS as an initiator in aqueous solution [27]. The effects of APS,
MAA, reaction temperature and time on graft copolymerization
were analysed by determining the grafting percentage and graft-
ing efficiency. After grafting, the chitosan derivatives had much
improved water solubility. Similarly, Xie et al. prepared hydrox-
ypropyl chitosan-grafted MAA by using APS initiator (Fig. 2) [14],
obtaining a derivative that also presented a good solubility in
water.

The graft copolymerization of maleic acid sodium (MAS) onto
carboxymethyl chitosan and hydroxypropyl chitosan using APS
initiator was reported [28]. The antioxidant activity of these
derivatives was evaluated as superoxide anion scavengers by
chemiluminescence technology. Compared with chitosan, the graft
chitosan derivatives were found to have an improved scaveng-
ing ability against superoxide anion. Graft chitosan derivatives
with hydroxypropyl groups had relatively higher superoxide
anion scavenging ability owing to the incorporation of hydroxyl
groups. Acylation of chitosan with maleic anhydride furnishes
carbon-carbon double bonds, which are available for subsequent
polymerization. The copolymerization of the derivative with acry-
lamide in water in the presence of APS has been used to obtain
three-dimensional crosslinked products [29]. The resulting copoly-
mers swelled highly in water with a volume increase of 20-150
times. Poly(3-hydroxy-butylate) could also be introduced into chi-
tosan by N-acylation, and the resulting copolymer was found to be
partially soluble in water [30].

Graft copolymerization of vinyl monomers onto chitosan can
also be carried out using redox initiator systems, such as CAN and
PPS. These systems have been used to produce free radical sites
on many kinds of polymers. Poly(vinyl acetate) (PVAc) is known
as a leathery and water-resistant polymer, which may improve the
properties of chitosan material and hence the graft polymeriza-
tion of vinyl acetate onto chitosan by using CAN as an initiator was
reported [23]. The monomer conversion was found to be between
70 and 80% after 2 h of reaction at 60°C. The grafting efficiency
increased with increasing amount of chitosan. The experimental
results indicated that the chitosan molecules not only took part
in the graft copolymerization but also act as a surfactant, provid-
ing the stability of the dispersed particles. The data also showed
that the incorporation of PVAc to the chitosan chains increased the
toughness and decreased the water absorption of chitosan.

CAN was also found to be a suitable initiator for grafting
N,N-dimethyl-N-methacryloxyethyl-N-(3-sulfopropyl) ammonium
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Fig. 1. Chemical structure of chitosan.

[31], poly(acrylonitrile) (PAN) [32], polyacrylamide, poly(acrylic
acid) and poly(4-vinylpyridine) [33] onto chitosan.

Chitosan was modified with poly(acrylic acid), a well known
hydrogel forming polymer, using a grafting reaction in a homoge-
neous phase [25]. The grafting was carried out in presence of PPS
and FAS as the combined redox initiator system. It was observed
that the level of grafting could be controlled to some extent by
varying the amount of ferrous ion as a co-catalyst in the reaction.
The maximum efficiency of grafting attained in this work (52%) is
rather high but it is comparable with values reported recently in the
literature for the grafting of vinyl monomers onto polysaccharides.
This result revealed that in homogeneous systems the grafting reac-
tions takes place not only on the surface but also in the molecules of
the whole substrate. Tahlawy and Hudson [34] have discussed the
effects of the reaction conditions and temperature on the grafting
efficiency of 2-hydroxyethyl methacrylate (HEMA) onto chitosan in
presence of redox initiators, in this case TCPB. Here, the total con-
version of HEMA monomer was found to be up to 75%. The resulting
material was found to increase the hydrophilicity and therefore
may be used as textile finishes enhancing the hydrophilicity of
synthetic fibers.

A novel redox system, PDC [Cu (IlI)-chitosan], was employed
to initiate the graft copolymerization of methyl acrylate onto chi-
tosan in alkali aqueous solution [35]. In this work, Cu (III) was
employed as an oxidant and chitosan as a reductant in the redox
system used to initiate the grafting reaction. The result showed
that there is a high grafting efficiency and percentage when using
PDC as an initiator. Since the activation energy of the reaction
employing Cu (Il)-chitosan as an initiator is low, the graft copoly-
merization is carried out at a mild temperature of 35°C and in
alkali aqueous medium, which makes it superior to other initia-
tors. Graft copolymerization onto chitosan has also been attempted
by using AIBN. Some vinyl monomers such as acrylonitrile, methyl

methacrylate, methyl acrylate, and vinyl acetate were grafted onto
chitosan with AIBN in aqueous acetic acid solutions or in aqueous
suspensions [26]. Here, the grafting percentages were generally low
[26]. Fenton's reagent (Fe2*/H,0,) was also successfully used as a
redox initiator for grafting methyl methacrylate onto chitosan [36].
Although chitosan is an effective flocculating agent only in acidic
media, the derivatives having side chain carboxyl groups showed
zwitterionic characteristics with high flocculation abilities in both
acidic and basic media.

2.2. Grafting using radiation

Recently, a great interest has been made to graft natural poly-
mers using the radiation method. Grafting of polystyrene onto
chitin and chitosan using 0Co +y-irradiation at room temperature
was investigated [37,38]. The effect of various conditions such as
adsorbed dose, solvent and oxygen on grafting was analysed. It
was found that the grafting yield increased with the increase in
the adsorbed dose. Singh and Roy have also reported radiation
grafting of chitosan with N,N'-dimethylaminoethylmethacrylate
(DMAEMA) [39]. Parameters such as solvent composition,
monomer concentration, radiation dose rate, and total dose/time
were found to affect the rate of grafting and homopolymerization.
In this study, it was found that a desired level of grafting of DMAEMA
onto chitosan films was achieved by appropriate selection of these
grafting conditions. Yu et al. have reported the graft copolymeriza-
tion of butyl acrylate onto chitosan by using vy-irradiation [40]. In
this study, an increasing grafting percentage was observed when
the monomer concentration and total dose were increased or
when the chitosan concentration and reaction temperature were
decreased. Under lower dose rates, the grafting percentage had no
significant changes, whereas above 35 Gy/min (dose rate) exhib-
ited a sharp decrease. Compared with the pure chitosan film, the
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Fig. 2. Graft copolymerization of MAA on hydroxypropyl chitosan.
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chitosan graft poly(butyl acrylate) films have enhanced hydropho-
bicity and impact strength.

The grafting of poly(hydroxyethyl methacrylate) onto chitosan
has been reported but in this case by applying UV light [41]. Here,
the sulfite oxidase enzyme was covalently immobilized onto the
matrix of grafted polymer. After the completion of photo-induced
polymerization reaction, P-benzoquinone (an electron transfer
mediator) was coupled onto the polymer network for activation
of the chitosan-poly(hydroxyethyl methacrylate) copolymer. This
study demonstrated the feasibility of using chitosan in electro-
chemical biosensor fabrication [41].

Singh et al. grafted poly(acrylonitrile) onto chitosan using
the microwave irradiation technique under homogeneous condi-
tions [42]. They have obtained 70% grafting yield within 1.5 min.
The effects of reaction variables as monomer and chitosan con-

centration, microwave power, and exposure time on the graft
copolymerization were studied. The grafting was found to increase
with an increase in the monomer concentration. Grafting was
also found to increase up to 80% microwave power and thereafter
decreased.

2.3. Enzymatic grafting

There are several potential advantages for the use of enzymes
in polymer synthesis and modification [43,44]. With respect to
health and safety, enzymes offer the potential of eliminating the
hazards associated with reactive reagents. A potential environ-
mental benefit for using enzymes is that their selectivity may be
exploited to eliminate the need for waste full protection and depro-
tection steps. Finally, enzymes specificity may offer the potential
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for precisely modifying macromolecular structure to better control
polymer function [45,46]. For instance, enzymatic modification can
yield chitosan derivatives with unique pH-sensitive water solubility
and adhesive properties.

Kumar et al. [45] reported that enzymatic grafting of pheno-
lic compounds onto chitosan confer water solubility under basic
conditions (Fig. 3). Tyrosinase converts a wide range of phenolic
substrates into electrophilic o-quinones. In slightly acidic media
(pH 6), chitosan could be modified under homogeneous conditions
with the natural product chlorogenic acid. The modified chitosan
was soluble under both acid and basic conditions, even when
the degree of modification was low. The chemistry of quinones,
however, remains poorly characterized because of its complexity;
quinones can undergo two different reactions to yield either Schiff
bases or Michael type adducts. Since it is possible for quinones to
undergo either or both type of reactions with amines, as well as
oligomer forming reactions with other quinones, it is common for
reactions between quinones and amines to yield complex mixtures
of products.

The feasibility of using tyrosinase as a catalyst for grafting
hexyloxyphenol onto the chitosan was also investigated [47]. The
method employed tyrosinase to convert the phenol into a reactive
o-quinone, which undergoes subsequent non-enzymatic reaction
with chitosan under homogeneous conditions (Fig. 3). From the bio-
chemically relevant quinones studied so far, it would seem possible
to prepare materials of medical interest. For instance, menadione,
a synthetic naphthoquinone derivative having the physiological
properties of vitamin K is particularly prone to rapid reaction with
chitosan, greatly modifying its spectral characteristics and increas-
ing the surface hydrophobicity of treated chitosan films [48].

2.4. Cationic graft polymerization

Some years ago, Yoshikawa et al. showed that grafting reac-
tions onto chitosan can also be performed by using living cationic
polymerization [49]. These authors grafted chitosan with living
poly(isobutylvinyl ether) and poly(2-methyl-2-oxazoline) cation
with controlled molecular weight distribution. In this study, the
effect of molecular weight of living polymer cation on the mole
number of grafted polymer was analysed. The mole number of
grafted polymer chains was found to decrease with increasing
molecular weight of living polymer cation, due to the steric
hindrance of the functional groups of chitosan with increasing
molecular weight of living polymer. The viscosity of the resulting
polymer was found to increase with the increasing percentage of
grafting. This grafted polymer was also found to be soluble in water.

3. Special cases of chitin and chitosan modifications

Besides graft copolymerization and derivatization by intro-
ducing small functional groups to the chitosan structure, some

other chemical modifications of chitosan and chitin deserve to be
included in this chapter due to the potential applications of such
chitosan derivatives. These chemical modifications are: phospho-
rylation of chitosan and chitin, combination of chitosan derivatives
with cyclodextrins and thiolation of chitosan.

3.1. Phosphorylated chitin and chitosan

The reaction of chitin with phosphorous pentoxide was found
to give water-soluble phosphorylated chitin of high degree of
substitution (DS), constituting a strategy to overcome this major
drawback of chitin and its derivatives. Phosphorylated chitin (P-
chitin) and chitosan (P-chitosan) were prepared by heating chitin
or chitosan with orthophosphoric acid and urea in DMF [50-52]
(Fig. 4).

P-chitin and P-chitosan were also prepared by the reaction of
chitin or chitosan with phosphorous pentoxide in methane sul-
phonic acid [53,54]. The phosphorylation reactions of chitin and
chitosan in phosphorous pentoxide-methane sulphonic acid were
found to be very efficient [55-58]. However, in this case it was found
that only the P-chitosan with low DS was water soluble. The incor-
poration of methylene phosphonic groups into chitosan allowed
solubility in water under neutral conditions [59]. A water-soluble
N-methylene phosphonic chitosan (NMPC) was also synthesized
using chitosan, phosphorous acid and formaldehyde [59].

-A-/-B-/-C-/-D-/E-/..

OH

NR{Rj ™~
= 1 n
R4 Rz

A H -COCH,

B H H

c H -CH,-PO3H,
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E -H -(CHy)11-CH3

Fig. 5. Chemical structure of N-lauryl-N-methylene phosphonic chitosan (LMPC).
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A simple methodology for the preparation of a new chitosan
derivative surfactant, N-lauryl-N-methylene phosphonic chitosan
(LMPC), has been developed [60] (Fig. 5). LMPC incorporated N-
methylene phosphonic groups as hydrophilic moieties and lauryl
groups as the hydrophobic ones.

N-Phosphonomethylation of chitosan reaction was studied and
optimized using different reaction conditions [61]. The reaction
was conducted with a large excess of both phosphorous acid and
formaldehyde at 70°C. The obtained white solid was found to be
soluble in neutral and acidic aqueous solutions.

Ramos et al. [62] prepared N-methylene phosphonic and car-
boxylic chitosan (NMPCC) by using NMPC and glyoxallic acid (via
aldimine formation) under reduction conditions with sodium boro-
hydride. This new chitosan multidentate ligand presents both
carboxylic and phosphonic groups [62].

P-chitosan was also synthesized by graft copolymerization [63].
2-Carboxethylphosphonic acid was covalently attached onto chi-
tosan by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) mediated coupling reaction (Fig. 6).

3.2. Combination of chitosan derivatives with cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides built from six
to eight («=6, B=7, y=8) D-glucose units and are formed during
the enzymatic degradation of starch and related compounds [64].
The D-glucose units are covalently linked together by 1,4 linkages
to form torus-like structures (Fig. 7). All the secondary hydroxyl
groups at the 2- and 3-positions of the glucose units are on one
side of the torus, and all the primary hydroxyl groups at the 6-
positions of the glucose units are on the other side of the ring [65].
CDs have gained prominence in recent years because their cav-
ity, which is hydrophobic in nature, is capable of binding aromatic
and other small organic molecules, and therefore provides ideal
binding sites [66,67]. Selective functionalization at the 6-position
is relatively easy. However, the secondary side is shown to be the

more important side of CD in binding studies [68,69]. The stability
of the CD-inclusion complex depends on the polarity of the guest
molecule and on the compatibility of the size of the host and that
of the guest [70].

Grafting CD molecules into chitosan-reactive sites may lead to
a molecular carrier that possess the cumulative effects of inclu-
sion, size specificity and transport properties of CDs as well as the
controlled release ability of the polymeric matrix [71]. The different
methods used to graft CD to chitosan and the inclusion ability, sorp-
tion and controlled release properties of the products have been
reviewed recently [72]. Grafting of CD onto chitosan has been per-
formed by adopting distinct strategies. A possible way is to react
EDC with the carboxyl group of carboxymethylated 3-CD to form
an active ester intermediate. The intermediate can react with a
primary amine of chitosan to form an amide linkage. Furusaki et
al. described the preparation of a 3-CD-grafted chitosan by cou-
pling carboxymethylated 3-CD and a partially deacetylated chitin
oligomer using water-soluble EDC [73].

1,6-Hexamethylene diisocyanate (HMDI), a strong crosslinker
of amino or hydroxyl groups since it possesses two isocyanate
groups (—-NaCaO) has also been used [72]. It is assumed that the
crosslinking of the hydroxyl groups of chitosan with HMDI resulted
in a chitosan-HMDI complex, which then binds with the hydroxyl
groups of 3-CD to form [3-CD-g-chitosan.

Reductive amination, one of the major reactions applicable to
the modification of chitosan, has been successfully applied to intro-
duce a CD residue into chitosan. CD derivatives with aldehyde
functional groups are useful to graft CD into chitosan by the for-
mation of a Schiff's base. Tanida et al. reported the synthesis of
[3-CD-grafted chitosan by the formation of a Schiff’s base between
2-O-formylmethyl-3-CD and chitosan in acetate buffer at pH 4.4,
followed by reduction with sodium cyanoborohydride [74]. The
product, which had a degree of substitution of 37%, was found to be
soluble in water at neutral and alkaline conditions. Porous beads
having an ability to form inclusion complexes with specific sub-
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Fig. 7. Chemical structure of CDs.
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strates were synthesized by adding an aqueous acetic acid solution
of chitosan into ethanolic aqueous sodium hydroxide and subse-
quent crosslinking with HMDI in DMF [75]. The resulting beads
were further treated with 2-O-formylmethyl-a-CD in the presence
of sodium cyanoborohydride in acetate buffer at pH 4.4, giving CD-
grafted chitosan beads. In terms of CD-inclusion complexes, the
introduction of a guest molecule in the cavity classically takes place
from the wider secondary hydroxyl groups side although the other
situation may also be encountered, depending on the guest. It has
been shown that the steric hindrance effects due to substitution
of CDs could result in an important decrease of the association
constant of complexes [76].

Recently, a new synthetic route was reported to graft 3-CD onto
chitosan using an epoxy-activated chitosan [77]. Redox systems,
such as CAN and potassium persulfate have also been used to graft
CD onto chitosan. For example, 3-CD-grafted chitosan was pre-
pared by reacting [3-CD itaconate vinyl monomer with chitosan
using CAN [78]. In this work, 3-CD itaconate was prepared by
esterification of 3-CD with itaconic acid in a semidry process and
then the pendent double bonds of 3-CD itaconate were utilized
in the graft copolymerization onto chitosan (Fig. 8). The resul-
tant product was then subjected to crosslinking using different
concentrations of glutaraldehyde. This work showed that not only
reactive sites play an importantrole in the sorption mechanism, but

OH

HO

NH,

Chitosan Thiolactic acid

+ HOOC(SH)CHCH,

also other interactions, probably physical adsorption and hydrogen
bond interactions, due to the crosslinking agent, and hydrophobic
guest—guest interactions.

Due to the CD moiety present in the chitosan backbone, it
was found that (3-CD-grafted chitosan has some selectivity for
the adsorption of TNS, bisphenol A, p-nonylphenol, and choles-
terol and has the stronger inclusion and slow release ability
with iodine [72]. CD-grafted polymers form host-guest complexes
with p-nitrophenol, p-nitrophenolate, tert-butylbenzoic acid, 6-
thiopurine, p-dihydroxybenzene, and copper ions [72].

3.3. Thiol-containing chitosan

Thiol-containing chitosan, also called thiolated chitosan, is
obtained through the reaction between chitosan and thiolactic acid
(Fig.9).In this reaction, EDC can be used to graft these two materials
[79]. EDCis a water-soluble carbodiimide that is typically employed
in the 4.0-6.0 pH range. It is a zero-length crosslinking agent that
has been widely used to couple carboxylic acid groups to primary
amines. Thiolactic acid is covalently attached to the primary amino
group of chitosan under the formation of amide bonds. The car-
boxylic acid moieties of thiolactic acid are activated by EDC forming
a O-acylurea derivative as an intermediate product that reacts with
the primary amino groups of chitosan. When compared with other

OH
1% CHyCOOH o
50°C
EDC, 7 h HO o

NH

CO(SH)CHCH;

Fig. 9. Synthesis of thiol-containing chitosan.
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modified chitosan materials, thiolated chitosans have numerous
advantageous features, such as significantly improved mucoad-
hesive and permeation enhancing properties [80-85]. Moreover,
solutions of thiolated chitosans display in situ gelling properties at
physiological pH values [82].

4. “Smart chitosan”: example of new chitosan-based
hydrogels exhibiting temperature-responsive behaviour

Smart hydrogels can undergo a reversible discontinuous volume
phase change in response to various external physicochemical fac-
tors. Among them, temperature and pH-responsive hydrogels have
been the most widely studied, because these two factors can be
applicable in vivo. Polymer solutions have a lower critical solution
temperature (LCST) contract by heating above the LCST. These nega-
tive thermo-reversible hydrogels can be tuned to be liquid at room
temperature and to undergo gelation when in contact with body
fluids, due to an increase in temperature. Therefore, polymers hav-
ing a LCST below human body temperature have a potential for
injectable applications. Poly(N-isopropylacrylamide) (PNIPAAm) is
a well known thermally reversible polymer, exhibiting a LCST
around 32°C in aqueous solution [86]. PNIPAAm hydrogels swell
below the LCST and shrink above the LCST, when immersed in
water.

Great attention has been paid, especially for biomedical appli-
cations, to the development of stimuli-responsive polymeric gels
with unique properties such as biocompatibility, biodegradability
and biological functionality. They may be prepared by combining
thermo-responsive polymers such as PNIPAAm with natural based
polymeric components, to form smart hydrogels [87-91]. Some
polysaccharides, such as chitosan, alginate, cellulose and dextran,
have been combined with thermo-responsive materials. Moreover,
due to the pH-sensitive character of chitosan, combination of this
polymer with a thermo-responsive material will produce dual-
stimuli-responsive polymeric systems that can be used as delivery
vehicles that respond to localized conditions of pH and temperature
in the human body. A review on natural based stimuli-responsive
polymeric gels has been recently published [92]. Next the two main

chemical modifications used to prepare these smart hydrogels as
well as some relevant examples are presented.

4.1. Graft copolymerized hydrogels

Hydrogels prepared by graft copolymerization of NIPAAm onto
various types of polysaccharides have shown a LCST in the
range of 25-34°C. Properties such as volume phase transfer and
swelling character of the hydrogels, were found to be mainly
dependent on their polymers weight ratio, crosslinking density
and morphology. A number of initiator systems, such as CAN,
APS, AIBN, 2,2’-azobis-(2-methylpropionamidine) dihydrochloride
(AIBA), N,N,N',N'-tetramethylethylene diamine (TEMED) and radia-
tion techniques have been reported to graft NIPAAm onto chitosan.
Fig. 10 shows the reaction that can be used to prepare chitosan-g-
PNIPAAm using CAN [93].

Chitosan-g-PNIPAAm particles can also be synthesized by a
soapless emulsion copolymerization method [94]. Either APS or
AIBA may be used as initiators. In this case the swelling ratio of
the copolymer decreased with increasing crosslinking density and
pH value.

Graft copolymers based on a maleilated chitosan and NIPAAm
have been synthesized by UV radiation. Maleilated chitosan was
prepared by reacting chitosan with maleic anhydride [95]. The
swelling ratio of maleilated chitosan-g-PNIPAAm depended on both
pH and temperature of the aqueous solution.

Kim et al. synthesized hydrogels based on grafting chitosan with
epoxy-terminated poly(dimethylsiloxane) (PDMS) also by using
UV irradiation [96]. Hydrogels based on PNIPAAm-grafted chi-
tosan were obtained but in this case by applying y-irradiation [97].
The grafting percentage and the grafting efficiency increased with
increasing the monomer concentration and the total irradiation
dose. The swelling ratios of these chitosan-g-PNIPAAm hydrogels
increased with the increase of the grafting percentage, which indi-
cated that the swelling behaviour of the hydrogels depends on the
amount of the grafted branches.

Graft copolymers can also be prepared by using the conden-
sation reaction in the presence of EDC. Lee et al. synthesized
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Fig. 11. Preparation of carboxyl-terminated PNIPAAm and comb-type graft hydrogel.

comb-type graft hydrogels, composed of chitosan and carboxyl-
terminated PNIPAAm by using this carbodiimide [98]. EDC
catalyzes the formation of amide bonds between the carboxylic
acid groups of carboxyl-terminated PNIPAAm and the amine
groups of chitosan. The reaction scheme for the preparation
of carboxyl-terminated PNIPAAm, and its grafting onto chi-
tosan is shown in Fig. 11. In the swelling/deswelling behaviour,
comb-type graft hydrogels showed rapid temperature and pH
sensitivity because of the free-ended PNIPAAm attached to the
chitosan main chain and the chitosan amine group itself, respec-
tively.

Recently, microgels with more complex structures, such as a
multi-responsive core-shell, have received increasing attention
because of the tunable properties of the individual responsive
components. Various types of core-shell microgels have been pre-
pared from the PNIPAAm-grafted polysaccharides. Leung et al.

[99,100] developed smart microgels that consist of well-defined
temperature-sensitive cores with pH-sensitive shells based on PNI-
PAAm and chitosan. The properties of crosslinked poly(chitosan-
co-NIPAAm)/poly[methacrylic acid (MAA)-co-methyl methacrylic
acid (MMA)] core-shell type copolymer particles were examined
[101]. Here, the crosslinked copolymer of NIPAAm and chitosan
was prepared as the core, and the copolymer of MAA and MMA
was prepared as the shell.

Besides the many works that propose the association of
PNIPAAm with chitosan, other few examples of distinct thermo-
sensitive graft copolymerized hydrogels can be found. This is the
case of those systems that combine amphiphilic block copolymers
based on poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO), known as poloxamers, with chitosan. For instance, Creuzet
et al. prepared this kind of hydrogels by grafting PEO-PPO blocks
on chitosan [102].
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4.2. Chemically crosslinked blends

Stimuli-responsive hydrogels can also be obtained by blend-
ing biopolymers with synthetic thermo-responsive materials by
various mechanisms of chemical crosslinking. When we have an
assembly of two crosslinked polymers and at least one of which
is synthesized and crosslinked in the presence of the other, this
system is called an interpenetrated network (IPN). If only one
component of the assembly is crosslinked leaving the other in
the linear form, the system is termed as semi-IPN. The ability to
form a gel through the crosslinking of chitosan with PNIPAAm has
been well documented. Many hydrogels are formed from water-
soluble polymers by crosslinking them using crosslinking agents
such as glutaraldehyde or polymerizing hydrophilic monomers
in the presence of a crosslinker. Chemically crosslinked poly-
mers seem to be one of the candidates to improve wet strength.
Some works reporting the preparation of PNIPAAm-containing chi-
tosan/glutaraldehyde gels can be found [103,104]. Another example
is this kind of blends is glutaraldehyde crosslinked semi-IPNs of chi-
tosan and PAN [105]. Of course, the water uptake of these systems
increases as the molar ratio of the hydrophilic groups of chitosan
increases. Khurma et al. reported the preparation of semi-IPNs
based on chitosan and poly(vinyl pyrrolidone) (PVP) by using a nat-
ural crosslinking agent, genipin [106]. It was found that PVP-rich
hydrogels swelled the most, because increasing the amounts of PVP
makes the gel structure less compact, and more inhomogeneous.

A full-IPN hydrogel was synthesized by the chemical combina-
tion of a methylenebis(acrylamide) (MBAM) crosslinked PNIPAAm
network with a formaldehyde crosslinked chitosan network [107].
The authors [107] demonstrated that the properties of the gels,
including the extractability of PNIPAAm within it, the phase
transition behaviour, the swelling dynamics in aqueous phase,
the swelling behaviour in ethanol/water mixtures and even the
microstructure were quite different from those of the correspond-
ing semi-IPN hydrogels. It was found that the semi-IPN hydrogels
swell faster than the corresponding full-IPN hydrogels, and that the
swelling ratio for the semi-IPN hydrogels is almost independent of
temperature [107].

5. Applications for modified chitosan materials

The potential applications of modified chitosan in various
important fields, such as environment, drug delivery, tissue engi-
neering and other biomedical application are here discussed. An
attempt is also made to discuss some of the current applications
and future prospects of modified chitosan.

5.1. Drug delivery

As said in Section 1, chitosan has interesting biopharmaceuti-
cal characteristics such as pH sensitivity, biocompatibility and low
toxicity [5,6]. Moreover, chitosan is metabolised by certain human
enzymes, especially lysozyme, and is biodegradable [5]. Due to
these favorable properties, the interest in chitosan and its deriva-
tives in drug delivery applications has been increased in recent
years. Moreover, in such applications it is also extremely impor-
tant that chitosan be hydro-soluble and positively charged. These
properties enable it to interact with negatively charged polymers,
macromolecules and polyanions in an aqueous environment.

Many works related with potential applications of chitosan
and its derivatives can be found in literature. For instance, it
has been shown that chitosan and its derivatives, such as N-
trimethyl chitosan or N-carboxymethyl chitosan, have the special
feature of adhering to mucosal surfaces, being useful for mucosal

drug delivery [10,108,109]. Acrylic acid grafts of chitosan as pos-
sible means of creating hydrophilic and mucoadhesive polymers,
have been reported recently [27,110]. Chitosan-grafted poly(acrylic
acid) particles have been proposed as hydrophilic drug carri-
ers for hydrophilic drugs and sensitive proteins [111]. Kumbar
et al. prepared microspheres of polyacrylamide-grafted-chitosan
crosslinked with glutaraldehyde to encapsulate indomethacin (IM),
a nonsteroidal anti-inflammatory drug used in the treatment of
arthrhitis [112]. Microspheres of grafted chitosan crosslinked with
glutaraldehyde were prepared to encapsulate nifidifine (NFD), a
calcium channel blocker and an antihypertensive drug. N-Lauryl
carboxymethyl chitosan with both hydrophobic and hydrophilic
groups was studied in connection with the delivery of taxol to can-
cerous tissues [113]. Other examples are related to the production
of polymeric vesicles for encapsulation of hydrophobic compounds
like bleomycin [114].

Some works related with intracellular delivery for gene ther-
apy using modified chitosan-based materials were reported. In fact
it has been argued that the most important application of alky-
lated chitosan is in DNA delivery such as proven with dodecyl
chitosan [115]. The high transfection efficiency of alkylated chi-
tosan was attributed to the increasing entry into cells facilitated
by hydrophobic interactions and easier unpacking of DNA from
alkylated chitosan carriers, due to the weakening of electrostatic
attractions between DNA and alkylated chitosan.

In another work [116], deoxycholic acid, which is the main com-
ponent of bile acids, was used to modify chitosan hydrophobically
and to obtain self-assembling macromolecules for non-viral gene
delivery system. The self-aggregate DNA complex from deoxycholic
acid-modified chitosan was shown to enhance the transfection
efficiency over monkey kidney cells [116]. The feasibility of these
chitosan self-aggregates for the transfection of genetic material in
mammalian cells was investigated. Self-aggregates can form charge
complexes when mixed with plasmid DNA. These self-aggregate
DNA complexes are considered to be useful for transfer of genes into
mammalian cells in vitro and served as good delivery system com-
posed of biodegradable polymeric materials. PEGylation of chitosan
in order to increase its solubility, elongate the plasma circulation
time and prolong the gene transfer has been another proposed
technique for the sustained DNA release. For example, Zhang et al.
[117] prepared chitosan-DNA complexes conjugated with alpha-
methoxy-omega-succinimidyl PEG, and the gene expression was
improved in comparison with the chitosan-DNA complex both in
vitro and in vivo. Microspheres physically combining PEG-grafted-
chitosan (PEG-g-CHI) with poly(lactide-co-glycolide) (PLGA) were
formulated by Yun et al. [118]. They reported that these micro-
spheres were capable of sustained release of PEG-g-CHI/DNA for
at least 9 weeks, and the rate of DNA release was not modulated
by varying the amount of PEG-g-CHI. In another work [119] folate-
PEG-grafted chitosan was synthesized and proposed for targeted
plasmid DNA delivery to tumor cells. The authors found that folate
conjugation in this system significantly improved gene transfec-
tion efficiency due to promoted uptake of folate receptor bearing
tumor cells. In vitro and in vivo studies of gene transfection are
being conducted in the laboratory to evaluate its gene transfection
efficiency.

Very recently novel water-soluble nanoparticles that consist of
a PAMAM dendrimer core with grafted carboxymethyl chitosan
chains were successfully synthesized [120]. The non-cytotoxicity
and successful internalization of these dendrimer nanoparticles by
two different types of cells, i.e., cell lines and primary cultures,
was demonstrated in this work. The authors also showed that the
dexamethasone-loaded nanoparticles induced the osteogenic dif-
ferentiation of rat bone marrow stem cells in vitro. So, these novel
dendrimer nanoparticles may be used as targeted drug-delivery
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carriers to cover a wide range of applications that involve the effi-
cient intracellular delivery of biological agents to modulate the
behaviour of cells.

Thiol-containing chitosan beads were synthesized in order to be
used as a controlled and pH-responsive drug delivery system [79].
It has been shown that P-chitosan beads have a great potential to
be used as controlled drug release systems through oral adminis-
tration since the release in the highly acidic gastric fluid region of
the stomach is avoided [63,121].

Chitosan-based systems bearing [3-cyclodextrin cavities have
been proposed as a matrix for controlled release [122,123]. Due
to the presence of the hydrophobic [3-cyclodextrin rings, these sys-
tems provide a slower release of the entrapped hydrophobic drug.

Finally, stimuli-responsive hydrogels have shown an improved
drug loading capacity, and a sustained release behaviour [92].
In particular, systems that combine chitosan and PNIPAAm have
shown drug release profiles that can be controlled by both pH
and temperature [124,125], constituting very promising materials.
This kind of smart systems has also been proposed for gene deliv-
ery. For instance, Sun et al. [126] coupled a carboxyl-terminated
NIPAAm/vinyl laurate (VL) copolymer with chitosan (PNVLCS) and
examined the gene expression of PNVLCS/DNA complexes in C2C12
cells against temperature change. The results indicated that the
transfection efficiency of PNVLCS/DNA complexes was improved
by dissociation of the gene from the carrier by temporarily reduc-
ing the culture temperature to 20°C. By contrast, naked DNA and
lipofectamine did not demonstrate thermo-responsive gene trans-
fection [126].

5.2. Tissue engineering

The present generation of tissue engineering (TE) research is
based on the seeding of cells onto porous biodegradable polymer
matrixes. A primary factor is the availability of good biomaterials to
serve as the temporary matrix. Recently, chitosan and its derivatives
have been reported as attractive candidates for scaffolding materi-
als because they degrade as the new tissues are formed, eventually
without inflammatory reactions or toxic degradation [116,127]. In
TE applications the cationic nature of chitosan is primarily responsi-
ble for electrostatic interactions with anionic glycosaminoglycans,
proteoglycans and other negatively charged molecules.

Some research works where the biological properties of chi-
tosan and the mechanical properties of PLLA are combined have
been reported. The in vitro fibroblast static cultivation on chitosan-
grafted PLLA films for 11 days showed that the cell growth rate on
these films was faster than in chitosan and decreased when the feed
ratio of PLLA to chitosan increases [128]. Surface functionalization
of biodegradable PLLA was achieved by plasma coupling reaction of
chitosan with PLLA [129]. The proliferation and morphology studies
of two cell lines, L-929 (mouse fibroblasts) and L-02 (human hep-
atocytes), cultured on this surface showed that cells hardly spread
and tended to become round, but could proliferate at almost the
same speed as cells cultured on glass surface. This insight will help
to clarify the mechanism of the switch between cell growth and
differentiation. This grafted polymer can be used to control the mor-
phology and function of cells, and hence has potential applications
in tissue engineering.

Very recently novel PLLA-chitosan hybrid scaffolds were pro-
posed as tissue engineering scaffolds and simultaneously drug
release carriers [130]. In this innovative system a chitosan porous
structure, in which cells and tissues would mostly interact, is cre-
ated within the pore structure of a stiffer PLLA scaffold.

It has been shown that thiolated chitosan [81,131] can provide
an adequate scaffold structure: due to the in situ gelling properties
it seems possible to provide a certain shape of the scaffold material

by pouring a liquid thiolated chitosan cell suspension in a mold.
Furthermore, liquid polymer cell suspensions may be applied by
injection forming semi-solid scaffolds at the site of tissue damage.
So they seem to be promising candidates for such applications.

Surfaces that can induce the formation of an apatite layer
in vitro demonstrate improved bone-binding properties and cal-
cium phosphate growth on P-chitin fibers and P-chitosan films has
been reported after soaking with Ca(OH), [132,133]. Water-soluble
P-chitosans have been mixed with different calcium phosphate
cements, showing an improvement in their properties [134,135],
namely the mechanical strength, setting time, dissolubility of the
start materials of the cements and they also bind calcium phos-
phate strongly afterwards. Moreover it has been shown that due
to the smart nature of chitosan, the apatite formation of chitosan-
grafted PLLA films reinforced with Bioglass® can be controlled by
pH [136], which could also have relevance in bone TE applications.

Another approach regarding the chemical modification of chi-
tosan for TE applications has been to introduce the specific
recognition of cells by sugars. A recent example of the synthesis of
sugar-bound chitosan can be found in the work of Kim et al. [137].
They prepared mannosylated chitosan (MC) having the specific
recognition to antigen presenting cells such as B-cells, dendritic
cells and macrophages.

In addition to applications in controlled drug release, PNIPAAm-
grafted chitosan-based materials have been exploited for con-
trolling cell adhesion/detachment by changing the incubation
temperature above or below its LCST [138,139]. Temperature-
responsive chitosan-graft-PNIPAAm [139] were applied for the
culture of mesenchymal stem cells (MSCs). Chitosan-g-PNIPAAm
copolymers with chondrogenic MSCs revealed the possibility of
clinical applications, particularly as cell therapy technologies for
treating vesicoureteral reflux [138].

5.3. Antimicrobial agents and other biomedical applications

Chitosan derivatives present interesting properties for wound-
healing applications, because such materials can exhibit enhanced
bacteriostatic activity with respect to pure chitosan. Ethylene
diamine tetraacetic acid (EDTA) grafted onto chitosan increases
the antibacterial activity of chitosan by complexing magnesium
that under normal circumstances stabilizes the outer membrane of
gram-negative bacteria [140]. The increase in chitosan antimicro-
bial activity is also observed with carboxymethyl chitosan, which
makes essential transition metal ions unavailable for bacteria [141]
or binds to the negatively charged bacterial surface to disturb the
cell membrane [142]. Therefore, these materials are used in wound-
healing systems, such as carboxymethyl chitosan for the reduction
of periodontal pockets in dentistry [141] and chitosan-grafted
with EDTA as a constituent of hydro-alcoholic gels for topical
use [140]. Chitosan and chitooligosaccharide-grafted membranes
showed antibacterial activity against Escherichia coli, Pseudomonas
aeruginosa, methicilin-resistant Staphylococcus aureus (MRSA), and
S. aureus [143]. Also, it was observed that the antimicrobial activity
of chitosan and graft copolymers against Candida albicans, Tri-
chophyton rubrum, and Trichophyton violaceum depends largely on
the amount and type of grafted chains, as well as on the changes of
pH [17].

It has been shown that chitosan derivatives have great poten-
tial to be used in other biomedical applications. As a result of the
biocompatible properties such as good blood compatibility and cell
growth efficiency, grafted chitosan materials have potential to be
used in cardio-vascular applications [144,145]. It has been demon-
strated that the permeability of chitosan membranes grafted with
HEMA may be controlled through plasma-treatment having poten-
tial to be used in dialysis [146].
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5.4. Adsorption of metal ions

The high sorption capacities of modified chitosan for metal ions
can be of great use for the recovery of valuable metals or the
treatment of contaminated effluents. A great number of chitosan
derivatives have been obtained with the aim of adsorbing metal
ions by including new functional groups onto the chitosan back-
bone. The new functional groups are incorporated into chitosan to
increase the density of sorption sites, to change the pH range for
metal sorption and to change the sorption sites in order to increase
sorption selectivity for the target metal.

The grafting of carboxylic functions has frequently been
regarded as an interesting process for increasing the sorption
properties of chitosan. Usually, the aim of these modifications is
to design chelating derivatives for the sorption of metal cations
[147,148]. Another way to achieve the grafting of carbonyl and car-
boxylic functions may consist in reacting chitosan with carboxylic
anhydrides [149].

The grafting of sulphur compounds on chitosan has been the
subject of many studies for the design of chelating chitosan-based
resins [150-152]. These sulphur derivatives have been success-
fully tested for the recovery of mercury and the uptake of precious
metals, owing to the chelating affinity of sulphur compounds for
metal ions. Sulphonic groups have been also grafted on chitosan
to improve sorption capacity for metal ions in acidic solutions
[153].

N-Halochitosans prepared by reacting chitosan with sodium
hypochlorite are good flocculants for metallic oxides along with
many other contaminants [ 154]. N-Chloroacetyl chitosan, prepared
by reacting chitosan with chloroacetic anhydride in chloroacetic
acid exhibited high affinity for cations such as Cu2*, Fe3*
[155].

P-chitin and P-chitosan have a strong metal-binding ability. It
was found that their adsorption of uranium is much greater than
of the other heavy metal ions [52]. Also, the binding ability to alka-
line earth metals was significantly enhanced by the introduction of
phosphate groups [156]. In fact, Schwarzenbach et al. [157] consid-
ered that the phosphonic complexing agents were as effective or
even more than those containing carboxylic groups.

The combination of CDs with chitosan for manufacturing new
metal ion sorbents, typically by using a Schiff’s base reaction, has
also been adopted [158,159]. Other very recent approach involves
the production and use of thiolated chitosan films for aqueous
heavy metal ions detection, in particular for mercury [160]. The
use of dendrimers combined with chitosan is currently under study
for this kind of applications [161]. Qu et al. synthesized a series
of chitosan derivatives by grafting ester- and amino-terminated
dendrimer-like PAMAM into chitosan [161]. The results showed that
these systems were completely insoluble in dilute acid solutions
when the generations of grafted dendrimers were greater than or
equal to 2 and that they exhibited excellent adsorption capabilities
for Au3* and Hg2*. Moreover the adsorption capabilities of amino-
terminated products were higher than those of ester-terminated
ones [161].

A great deal of attention has been paid to the grafting of crown
ether on chitosan for manufacturing new metal ion sorbents using a
Schiff’s base reaction [162,163]. Aza crown ether-graft-chitosan and
mesocyclic diamine-g-chitosan crown ether showed high selec-
tivity for Cu* in presence of Pb%* [164]. The static adsorption
properties of Ag*, Cd2*, Pb2*, and Cr3* by chitosan hydroxyl aza
crown ether (CTS-DA) and chitosan dihydroxyl mesocyclic diamine
(CTDA) was reported [15,165]. So, it is expected that in a near future
these new type chitosan crown ethers will have wide ranging appli-
cations for the separation and concentration of heavy metal ions in
environmental analysis.

5.5. Dye removal

Chitosan, due to its high contents of amine and hydroxyl func-
tional groups, has an extremely high affinity for many classes of
dyes including disperse, direct, reactive, anionic, vat, sulphur and
naphthol [166,167]. The only class for which chitosan has low affin-
ity are cationic dyes [167,168]. To overcome this problem Crini et
al. [169] recently suggested the use of N-benzyl mono- and disul-
fonate derivatives of chitosan in order to enhance its cationic dye
hydrophobic adsorbent properties and to improve its selectivity.
Carboxyl groups grafted onto chitosan may also serve as electron
donors in an alkaline environment to confer chitosan the ability to
adsorb cationic dyes from aqueous solutions. Modified chitosan gel
beads with phenol derivatives were found to be effective in adsorp-
tion of cationic dyes, such as crystal violet (CV) and Bismarck brown
Y (BB) [168].

Chitosan grafted with CDs, in particular 3-CD derivatives, have
ability to form complexes with a variety of other appropriate com-
pounds, and are very promising materials for developing novel
sorbent matrices [16,170]. Martel et al. showed that the adsorption
of textile dyes from the effluent can be carried out with 3-CD-g-
chitosan derivatives [166]. Moreover, these systems have superior
rate of sorption and global efficiency than that of parent chitosan
polymer and of the well-known cyclodextrin—-epichlorohydrin gels
[166].

6. Conclusions

The different chemical modifications of chitosan developed by
the extensive work of many researchers, summarized in this chap-
ter, showed that it is possible to obtain chitosan derivatives not only
soluble in acidic aqueous solutions but also in neutral and basic
aqueous solutions. Moreover it has been demonstrated that these
chitosan derivatives present the adequate properties for safe use in
waste water treatments and, in particular, in biomedical applica-
tions such as controlled delivery of drugs or other bioactive agents
and tissue engineering.
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