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Abstract. The review is devoted to the current state of the investigation works concerning chitosan functionalization with
carboxylic acids and derivatives of them, including oxidized carbon nanoparticles such as graphene oxide, oxidized nano
diamonds and oxidized carbon nanotubes. The examples of a use of chitosan derivatives in the pharmacology, the regenerative
medicine, and other areas are given.
Keywords: biopolymers, chitosan, carboxylic acids, regenerative medicine, pharmacology

1. Introduction
In connection with an extensive development of new
directions on pharmacology and regenerative medicine, including tissues and internal organs engineering, the targeted drug delivery, transplantology, and
other fields, the investigators interests have been focused in the more extent on available polysaccharide
biopolymers, which are the objects of the nature origin and serve as a scaffold in many organisms of
flora and fauna [1–5].
Chitosan is one of the promising and commercially
available polysaccharides. It is obtained via the alkali deacetylation of chitin that is a component of
the carapace of crabs, shrimps, insects, fungi tissues,
and other nature sources [6]. Unlike cellulose and

starch, the chitosan macromolecule consists of such
repeating units as the fragments of 2-acetamido-2desoxy-β-D- (a few of them) and 2-amino-2-desoxyβ-D-glucopyranoses (a lot of them). These fragments
connect each other across the β(1→4)-glucoside
bonds. That is, chitosan is poly(aminosaccharide). By
present days, the chitin and chitosan structures have
been comprehensively studied. Therefore, the detail
information on this topic can be searched in articles
and reviews, including the references in this review.
A large interest to chitosan as a promising object for
the tissues and vascular engineering has been arisen
due to the presence in its repeating units both hydroxyl and amino groups. The amino groups impart
to chitosan such unique properties as solubility into
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diluted water solutions of monobasic mineral or organic acids with the formation of the polycations that
prone to the formation of interpolymeric complexes
with polyanionic macromolecules [7], including DNA
and RNA [8]. By virtue of the chelating and electron-donating properties of the functional groups,
chitosan forms readily complex compounds with the
transition metals cations [9, 10]. Chitosan can also
play a role of the effective polymer matrix for the
different mineral phosphate fillers; this is important
in the view of a design of bone implants [2–4]. The
presence of a positive charge on the ammonium
groups of the polymeric chains imparts to chitosan
the ability to connect with the cellular walls of the
pathogenic bacteria [11, 12], resulting in a death of
them, and with the mucous membranes [13, 14]. In
addition, chitosan possesses good adhesion to the
stromal cells; this is important for the design of the
scaffolds [4, 15, 16]. Chitosan derivatives are used as
hydrogels or nanoparticles for the design of the carriers of drugs, the agents for diagnostics of food additives or cancer, as well as for the design of materials for the extraction of toxic heavy metals from
wastewaters [17–22].
The functional groups of chitosan, especially the
amino groups, give an opportunity of the chemical
functionalization of this aminopolysaccharide; this
permits one to extent a range of the materials on base
of chitosan as well as improving characteristic properties of them. Many of the synthetic ways of a chitosan modification and the directions of a practical
use of materials on base chitosan and the derivatives
of it were highlighted in the reviews [2, 23–125].
These reviews contain, in general, information classified by the preparation methods of the chitosan derivatives, the properties of these derivatives, and the
practical use of them. However, review publications
classified by the chitosan modification with carboxylic acids or the derivatives of them are absent.
The unique advantages of this type of modification
originate from the uniqueness of carboxylic acids
and their derivatives. As is known, carboxylic acids
and their derivatives form such common derivatives
as esters and amides via the acylation of alcohols
(across OH group) or appropriate amines (across NH
or NH2 groups). Free carboxylic acids form ammonium salts with amines as well. It is necessary to
mention that carboxylic acids and some of their

derivatives (fats, oils, waxes, metabolic products, vitamins, pectin, etc.) are products of natural origin
and are ecologically friend substances. In addition, a
hydrocarbon chain of carboxylic acids may contain
reactive groups, for example, the oxirane, a carbonhalogen bond, and a -electron deficient multiple
bond conjugated with a C=O group. Such a multiple
bond can both interact with some nucleophiles as the
Michael addition and take part in the (co)polymerization reactions, including the graft ones. Chitosan
contains the OH and NH2 groups that take part in all
of the abovementioned reactions with carboxylic
acids and their derivatives. Employing all of the diversity of carboxylic acids and their derivatives, including properties of them, one can widely vary both
approaches to chitosan modification and properties
of modified derivatives.
At the same time, a large stockpiled literature material highlighting the achievements in this direction
makes necessary for one to do a systematization of
the works concerning the problems of the chitosan
modification with carboxylic acids and/or derivatives of them because such an information will be
useful for a wide range of researchers, e.g., specialists in the fields of nature polymer chemistry, biomedicine, transplantology, tissue engineering, pharmacology, etc. Therefore, this review is devoted to the
methods for chitosan functionalization with carboxylic acids or their derivatives, the properties of
the modified derivatives, and the prospects of a practical use of them.
All of the reactions of the chitosan modification relate to the polymer-analogous transformations, the
passing of which is specific in relation to the properties a macromolecular substrate. The characteristics of such transformations are widely highlighted
in the scientific literature [126]. Hence, it is not necessary to consider them in detail.
It is necessary to explain also that the schemes shown
in this review will differ in some extent from analogous ones given in the primary literature sources;
this will not distort the essence of the presented information. For example, all of the structure formulas
of chitosan are shown as the repeating glucosamine
units, without the acetyl glucosamine ones (‘chitin
units’), which were depicted in the primary literature
sources, because they do not take part in the chemical modification reactions.
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2. Chitosan modification with carboxylic
acids and their derivatives without
involvement of carboxylic function:
Modification across carbochain residue
2.1. Use of reactions of nucleophilic
substitution or addition
The presence of the more reactive groups than the
carboxylic ones (or the carboxylate anions) in a carbohydrate fragment of acids predetermines the priority of an interaction of them with chitosan. Here,
generally, the reactions of the nucleophilic substitution on a sp3-hybridized carbon (in a case of a presence of the oxirane ring or a carbon-halogen bond)
or the nucleophilic Michael addition to a sp2-hybridized carbon (in a case of a presence of a -electron deficient multiple bond) in carbohydrate fragments occur.
For example, the widely known approach to obtaining sodium salt of caboxymethyl cellulose (Na-CMC)
via the consecutive interactions of fine-crystalline
cellulose with NaOH and then with sodium monochloroacetate [127] was realized with chitosan as
well [128] (Figure 1). O–, N-carboxymethyl chitosan
with the substitution degree of 0.25–1.19 containing
the COOH and [COO]–Na+ groups in the side substitutions was synthesized. It was proven that the decrease of molecular masse of native chitosan resulted
in the solubility in water at the lower substitution degrees. In addition, the 1-O-carboxymethylated units
predominated over the N-carboxymethylated ones as
consequence of the preparation of this chitosan derivative in strong alkali media.
Such carboxymethyl chitosans were utilized for obtaining nano-threads by means of the electro-spreading methods. These nano-threads can be used in different areas, including regenerative medicine [129].
Besides, carboxymethyl chitosans could be also utilized as a polymer matrix for the design of the biologically compatible and low-toxic nanocomposites,
for example, with hybrid quantum dots such as
CdSe/ZnS [130] and folate/Fe3O4/CdTe [131]. While
these quantum dots themselves are highly toxic, the

Figure 1. Carboxymethylation of chitosan in alkali media.

chelating properties of the functional groups of carboxymethyl chitosans with respect to Cd2+ and Zn2+
have restricted severely this negative characteristic
of the abovementioned quantum dots. The nanocomposites of such a type, by virtue of the visualization
effect, could be promising as fluorescent labels to
study processes passing in one-cell organisms, for example, in yeasts.
There is an example of the design of materials based
on 1-O-carboxymethylchitosan for removing heavy
metals from wastewater. For this, 1-O-carboxymethylchitosan was thermally cross-linked with hemicellulose [132]. The cross-links were formed as
azomethine bonds between the O-carboxymethylchitosan repeating units and the terminal groups of hemicellulose. It was proven that the maximal adsorption
capacity of this cross-linked material with respect to
Ni2+, Cd2+ and Cu2+ exceeded values of this parameter
for many known adsorbents of heavy metals cations.
In the work [133], 1-O-carboxymethylchitosan with
the grafting degree of 65% was utilized for the design of nanocapsules via an interaction of it with
polyamidoamine dendrimer (PAMAM). More specifically, the carboxymethylchitosan macromolecules
enveloped a PAMAM dendrimer containing doxorubicin as the anti-tumor drug. The surface of the
PAMAM dendrimer had many of the positively
charged ammonium groups that formed ionic links
with the [COO]– of carboxymethylchitosan. That is,
the formation of the nano interpolymer complex as
capsules took place. These nano capsules were sensitive to pH; they opened at dropping pH due to the
charge inversing effect, releasing a doxorubicin/
PAMAM complex which then permeated into a
tumor cell.
Unsaturated carboxylic acids or their derivatives
containing a -electron-deficient multiple bond conjugated with a carbonyl functional group interacted
with chitosan according to the Michael addition
[134–136]. In this case, the NH2 groups, being more
nucleophilic than the OH groups, underwent alkylation reaction (Figure 2 1). In addition, these NH2
groups underwent the epoxy-alkylation in the reactions with the highly strained oxirane rings of the
carbohydrate moieties of carboxylic acids [137, 138]
(Figure 2 2). These reactions were passed without
any by-products elimination; this is the positive factor when the similar processes run in not only solutions but also a solid phase, for example, in films.
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Figure 3. Graft polymerization of acrylamideglycolic acid
onto chitosan.

Figure 2. Alkylation and epoxy-alkylation of chitosan with
acrylic acids or their derivatives and oxirane-2,3dicarboxylic acid, respectively.

2.2. Use of reactions of graft polymerization
via polyaddition across multiple bonds
Feature of this approach to grafting the carboxylic
acids or their derivatives onto the chitosan macromolecule is the initiation of the macromolecular free
radicals via the oxidative elimination of electrons
from the lone pair of a nitrogen and/or an oxygen
under the impact of both the peroxides (for example,
H2O2, (NH4)2S2O8, K2S2O8) or Ce4+ (for example,
Ce(NH4)2(NO3)6) as redox initiators and γ-radiation.
After this, the formed macromolecular radical centers initiate the chain polymerization of unsaturated
acids, for example, (meth)acrylic ones or their derivatives. Ultimately, the graft copolymers of poly(acids)
or their derivatives that are grafted across a macromolecular hydrocarbon moiety are formed. All of the
non-crosslinked graft copolymers, in general, possess a good solubility in aqueous media as result of
weakening the interactions between the chitosan
macromolecules.
For example, the free radical graft polymerization of
acrylamideglycolic acid onto chitosan, which was
initiated with (NH4)2S2O8 in water solution, resulted
in a graft copolymer in high yields [5] (Figure 3).
This graft copolymer, by virtue of the presence of a
large amount of the COOH, NH, NH2, and OH functional groups, was a good complex-forming agent
for Ca2+ and possessed a compatibility with hydroxyapatites. This characteristic promotes for chitosangraft-poly(acrylamideglycolic acid) to be the perspective ecologically friendly material for the design
of the bone implants.

For the analogous graft polymerization, previously
modified chitosans were also utilized. For example,
the graft polymerization of methacrylic acid onto 1-Ohydrxypropyl chitiosan was investigated [139] (Figure 4).
It was proven that the grafting efficiency was influenced by the concentration of the initial monomer and
initiator, temperature and the processing time. The obtained graft copolymers possessed good solubility in
aqueous media. Besides, the presence of the hydroxypropyl substituents produced spatial hindrances on
the initial reaction step, interfering with the denser
packing of macromolecules; this favored the grafting
process.
An interesting approach that consisted in the graft copolymerization of methylmethacrylate onto 1-O-carboxymethylchitosan was realized in the work [140].
(NH4)2S2O8 was utilized as the redox initiator. The
maximal grafting extent of about 1900% was reached
at m equal to 18. Along with this, the processes of the
deacetylation of the ‘chitine’ units proceeded. 1-O-carboxymethylchitosan swelled in neutral aqueous media
to a higher extent than native chitosan. It contained also
a lot of free NH2 groups, promoting the effective
course of the graft copolymerization process. Such
graft copolymers possessed the ability not only to swell
in neutral aqueous media but also to be soluble in them.

Figure 4. Graft polymerization of methacrylic acid onto chitosan.
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The abovementioned 1-O-carboxymethyl- and 1-Ohydroxypropylchitosans were also processed by the
graft polymerization with monosodium salt of maleic acid in presence of (NH4)2S2O8 to yield 1-O-carboxymethyl- or 1-O-hydroxypropylchitosan-graftpoly (maleic acids) [141]. The maximal grafting extent of about 1720% was reached. Such graft copolymers revealed high activity in the capture of the superoxide anion-radical, [O2]– •, one of the strongest
oxidizers and toxic oxygen forms. Authors explained
that this behavior with respect to [O2]– • was due to
the presence of more available functional groups,
than in native chitosan, because the modification followed by the graft copolymerization resulted in a
‘loosening’ of the macromolecular structure, and, as
consequence, the decrease of the amount of the hydrogen bonds occurred.
Redox systems were also utilized as the initiating
reagents for the graft (co)polymerization of acrylic
acids derivatives. So, the processes of the graft polymerization of methyl esters of acrylic or methacrylic
acids onto chitosan that were initiated with K2S2O8
in the presence such co-initiators as MnCl2, CuCl2,
as well as ammonium tartrate or oxalate were studied
[142]. It was evidenced that the grafting efficiency
depended on the kind of the initiating system. The
maximal value of the grafting extent of 80% was
reached with the use of methylacrylate as monomer
in the presence of K2S2O8/ammonium tartrate as the
initiating system.
The graft copolymerization of acrylates onto chitosan can be also initiated with the system of H2O2/
Fe(NH4)2(SO4)2, so-called ‘Fenton system’ [143].
Wherein, the maximal yield of the graft copolymer
of 332% was reached. The graft copolymer was not
soluble in dilute aqueous solutions of CH3COOH,
methanol, acetone, and in mixture of ethanol/2%
water CH3COOH solution, it only swelled in them.
The absence of solubility in dilute aqueous solutions
of CH3COOH, in which native chitosan is soluble,
may be related to the formation of intermolecular
cross-links due to the donor-acceptor bonds between
the functional groups of chitosan together with the
grafted methacrylate residues and Fe3+.
Besides acrylic and maleic acids or their derivatives,
vinyl esters of carboxylic acids were also utilized for
the chitosan modification via the graft copolymerization. For example, the synthesis of chitosan-graft-poly
(vinyl acetate) was carried out via the interaction of
chitosan dissolved in 2% aqueous CH3COOH solution

with vinylacetate where Ce(NH4)2(NO3)6 was utilized as the redox initiator [144]. The maximal grafting efficiency of 35.7% was reached; this revealed a
competition between the major graft polymerization
reaction and the minor vinylacetate homopolymerization. When the chitosan substrate quantity enlarged, the maximal grafting efficiency increased. In
addition, it was revealed that the swelling extent of
such chitosan graft copolymers in aqueous media at
pH ~6.0 enriched, when the grafting efficiency increased.
To obtain the cross-linked and grafted onto chitosan
carbochain polymers with the side COOH groups,
the in situ radical graft polymerization of metacrylic
acid onto succinoyl chitosan was carried out in aqueous medium in the presence both N,N′-methylenediacrylamide as the crosslinking agent and (NH4)2S2O8
as the water soluble photoinitiator [145]. Crosslinked succinoylchitosan-graft-poly(metacrylates)
were synthesized. They could be perspective as drug
carriers, for example, for a targeted delivery of theophyllin.
Analogous to the previous example, the in situ radical graft polymerization of methacrylamide onto chitosan was carried out in the presence of N,N′-methylenediacrylamide and in 2% water solution of
CH3COOH where (NH4)2S2O8 was utilized as the
water soluble photoinitiator [146].
In the work [147], another approach to obtain 3D graft
copolymers, which consisted in grafting itaconic acid
onto the NH2 groups of the chitosan previously crosslinked with glutaric dialdehyde, was taken. Chitosangraft-poly(itaconic acid) cross-linked across the
azomethyne bonds (Figure 5) was a good complexforming agent and could be used for the adsorption
of toxic ions such as Cd2+ or Pb2+ from aqueous solutions, and the complex-forming characteristics depended on the pH of media.
Besides the abovementioned redox radical initiators,
the graft polymerization under γ-irradiation of 60Co
was also possible. For example, the chitosan modification via the graft copolymerization of 2-hydroxyethyl(meth)acrylates and N-vinylpyrrolidone under
γ-irradiation was carried out in acidified water and
in sealed ampoules under inert atmosphere [148]. It
was proven that the polymerization degree of the
grafted residues was directly proportional to the radiation dose, and insoluble products formed only in
extreme cases. Wherein, at the primary initiation step,
the ‘alcoholic’ oxygen atoms of chitosan participated,
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Figure 5. Chitosan-graft-poly(itaconic acid) cross-linked
across the azomethyne bonds with glutaric dialdehyde.

unlike the nitrogen atoms of –NH2 when using the
redox initiating systems.

3. Chitosan modification via salt-formation
and acylation reactions with the
involvement of carboxylic function of
acids and their derivatives
3.1. Chitosan modification with free
carboxylic acids
Based on the primary tasks, these reactions with chitosan are used for both obtaining grafted ammonium
salts and for the syntheses of grafted amides. Grafted
amides are formed from poly(ammonium) salts under
high temperatures and/or shearing deformations
and/or an ultrasound treatment. At the same time,
there are ways to prepare amides grafted onto chitosan under relatively mild conditions via the interaction of chitosan with carboxylic acids in the presence of such condensing systems as carbodiimides/
N-hydroxysuccinimides (or 4-aminopyridines) (See
paragraph 3.2.3.).
3.1.1. Chitosan modification with
poly(carboxylic acids)
If chitosan is modified with native carboxylic acids
or carboxylates under mild conditions (low temperatures), poly(ammonium salts) are formed. The ultimate target of these procedures with chitosan is the
design of the inter-polymer complexes, so-called protonated chitosan/poly(carboxylates) that are insoluble
in water. Here, the electrostatic attraction between the
[COO]– groups of poly(acid) residues and the chitosan [NH3]+ groups makes the most contribution to

the formation of these inter-polymer complexes along
with the hydrogen bonds and the dispersion interactions. (A similar mechanism of complex formation
is also characteristic to other poly(acids) such as
DNA, RNA, etc. [8], but this theme goes beyond the
scope of the present review).
In particular, such complexes were obtained via an interaction of chitosan with poly(maleic), poly(acrylic),
and poly((4-N-methacrylamido)salicylic) acids, as
well as with carboxymethylcellulose or carboxymethylchitin partially cross-linked with either poly
(acrylic acids) (‘carbopols’) or other poly(carboxylic
acids) [149–161]. Because of a large quantity of the
ionic bonds (‘ionic cross-links’), these polymeric
complexes were insoluble in aqueous media. They
only swelled in these media, forming pH-sensitive hydrogels. Such inter-polymer complexes are widely
utilized in the pharmaceutics as drug carriers.
Besides, poly(glutamine acid), biodegradable polypeptide with the side COOH groups, can be utilized
as the poly(carboxylate) component for the design of
the inter-polymer complexes. These complexes were
obtained via the interaction of poly(glutamine acid)
with chitosan-graft-(polyethyleneglycol) [162] or
chitosan [163–167]. Such polyelectrolyte complexes
in the form of nanocapsules could be used as agents
of the targeted carriers of proteins (for example, insulin), antitumor drugs, growth factors of the fibroblast stem cells, and wound-healing materials.
The chitosan/polyacid inter-polymeric polyelectrolyte complexes were also used for preparing complex magnetic spherical nanoparticles with a Fe3O4
core. For example, the quaternized polyammonium
chitosan/sodium alginate/Fe3O4 nanoparticles with
an average diameter of 68.1±7.8 and 162.6±15.6 nm
were obtained via the step-by-step build-up of the
polymer shell on the surface of the Fe3O4 core [168].
In this case, the sodium alginate macromolecules interacted with the grafted residues with terminal
[CH2N(CH2)3]+ groups. Such nanoparticles possessed
good water solubility, efficient cellular penetration
and good biocompatibility. They significantly inhibited the growth of gastric tumors.
Nowadays, a trend connected with the growth of the
amount of the works related to the design of nanocomposites based on chitosan polymer matrix and oxidized carbon nano fillers is observed. Graphene oxide,
oxidized nano diamonds, and oxidized carbon nanotubes that contain, in general, OH and COOH groups
in their structure along with other oxygen-containing
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functions were utilized as nano fillers [169–173].
Here, oxidized carbon nano fillers may be considered as the poly(carboxylic acid)-like nanoparticles
that were capable to form the conjugates with the
chitosan macromolecules. In this case, the hydrogen
bonds and the ionic interactions between the components took place similar to the abovementioned
‘macromolecular’ inter-polymeric complexes; this resulted in the solubility loss and the notable rise of
the physical and mechanical characteristics at a content of the oxidized carbon nano fillers as low as 0.1–
2.0 mass%. At the same time, it is necessary to mention the fact that in the review [174], which is devoted to similar polymeric nanocomposites where
graphene oxide was utilized as nano filler, information about the use of chitosan and other polysaccharides as the polymer matrix is absent.
3.1.2. Chitosan modification with mono- or
dicarboxylic acids
As for lowest monocarboxylic acids, the grafted derivatives, soluble in water, form at low degrees of
covalent modification, that is, if a lot of the free amino
groups are present. Besides, the dissolution process
of chitosan itself in aqueous solutions of monobasic
carboxylic acids, where poly(ammonium) salts are
formed, can also be attributed to the modification of
this poly(aminosaccharide). At the same time, higher
fatty monocarboxylic acids or any carboxylic acids
with more COOH groups result in insoluble derivatives that only swell in aqueous media due to both
the intermolecular ionic, covalent, ionic-covalent
cross-links, and the dramatic increase of hydrophobicity of the grafted polymeric salts.
The solid-phase interaction of native mono- or dicarboxylic acids such as phthalic, succinic, and maleic
ones with chitosan in a screw extruder and in absence
of solvents and condensing agents was carried out by
Akopova and coworkers [175, 176] (Figure 6).
In this case, reaction products with both covalent
(amides) and ionic (salts) bonds were obtained. In

Figure 6. Solid phase synthesis of grafted derivatives of chitosan and carboxylic acids.

the case of the dicarboxylic acids, they were insoluble in aqueous media, but swelled in them due to the
formation of intermolecular cross-links. Chitosan
modified with such higher fatty acid as stearic acid
was a polymeric salt consisting of the stearate anion
and the [NH3]+ of the repeating chitosan unit, that is,
grafted polymeric salt formed. This polymeric salt
was insoluble in aqueous media; this may be due to
the dramatic increase of the hydrophobicity of the
macromolecules. Modified derivatives based on 2,2bis-(hydroxymethyl)propionic acid were soluble in
aqueous media by virtue of the presence in the grafted hydrocarbon fragment of the two hydroxyl groups
and the short length of this hydrocarbon fragment. It
was revealed that the acylation degree depended on
the acidity constant of the carboxylic acid and the
molar ratio of chitosan repeating unit/acid. It was
proven in [176] that the maximal substitution degree
with malonic (13%) and 2,2-bis-(hydroxymethyl)
propionic (24%) acids was achieved at temperatures
of 100 [175] or 150 °C [176], respectively. Whilst
oxalic acid formed grafted amides with a substitution
degree of 20% at 50 °C [175].
Chitosan-graft-poly(glycolide) was synthesized via
the modification of chitosan with glycolic acid, the
simplest member of α-hydroxyacids. For this, the
films were cast from chitosan solutions in aqueous
glycolic acid followed by the thermal treatment for
1 h at 105 °C and then for 2 h at 125 °C [177] (Figure 7).
Here, the process did not stop in the stage of the
mono-acylic derivative formation, and it proceeded
further with the formation of grafted oligo- and polyesters. This approach stands out in its simplicity, environmental friendliness along with the absence of
toxic reagents and solvents. The films were capable
to swell after the thermal treatment, and the swelling

Figure 7. Modification of chitosan with glycolic acid with
obtaining chitosan-graft-poly(glycolide).
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extent was proportional to the amount of grafted glycolic acid; this may be explained by the increase of
the polymer matrix disorderliness. Chitosan-graftpoly(glycolides) can be utilized in medicine, biology, for example, as separation membranes. Besides,
they can be used as polymer matrices for the design
of the nano-hybrid materials with the nano fillers
based on the Pt/Fe3O4 [178], Au/Fe3O4 and Au [179,
180] nanoparticles. These nanoparticles were confirmed to participate in the adsorption of encapsulated drugs molecules and in the adhesion of seeded
stromal sells. All these make similar hybrid nanocomposites promising materials for the design of scaffolds used in regenerative medicine or in the systems
used for targeted drugs delivery.
A similar approach to the chitosan modification comprising of casting a film in the first step followed by
the thermal treatment of it at 80–90 °C under a pressure of 5–10 mm Hg was used for the synthesis of
chitosan-graft-poly(lactides) as well [181] (Figure 8).
The obtained graft copolymers revealed a good miscibility with the fibroblast stromal cells.
Another approach to obtaining chitosan-graft-(polylactides) in liquid phase and without the casting of
films consisted in heating chitosan solution in 85%
water lactic acid at 70 °С for night [182]. The first reaction step was the formation of a soluble poly(ammonium salt) between the [NH3]+ of the chitosan repeating units and the lactate anions. That is, this
process may also be described by Figure 8, analogous to the abovementioned case with the films.
Based on this graft copolymer, the sponge materials
with different pore architectures were designed for
the use as the wound-healing agents.
A synthesis of chitosan/graphene nanocomposites
grafted across the amide bonds was carried out via the
interaction of the NH2 of the chitosan repeating units

with the terminal COOH groups of graphene oxide
(GO) in DMFA medium under ultrasonic treatment
followed by the reductive elimination of the epoxy
and hydroxyl groups on the basal planes of the GO
nanoparticles with hydrazine hydrate [183]. These
nanocomposites were readily dispersed in water solutions of CH3COOH. They revealed electro-rheological properties and could be perspective as the
agents for the targeted drugs delivery. These nanocomposites with excellent biocompatibility and
bioactivity were utilized as both good electro-rheological material and fine nanofiller. They can be perspective for biomedical applications and for the improvement of some mechanical properties of polymers. The main disadvantage of this approach was
in the use of toxic hydrazine hydrate.

Figure 8. Modification of chitosan with lactic acid with obtaining chitosan-graft-poly(lactide).

Figure 9. Modification of chitosan with cyclic diester of lactic acid with obtaining chitosan-graft-poly(lactide).

3.2. Chitosan modification with derivatives of
carboxylic acids
3.2.1. Chitosan modification with cyclic diesters
or linear polyesters of hydroxyacids
This approach, by analogy with native carboxylic
acids, requires such conditions as high temperatures
and/or shearing deformations owing to the low acylating ability of alkyl esters. Moreover, specific solvents and catalysts should be utilized in case of the
reactions with cyclic esters in solutions.
Analogous to the abovementioned example with native lactic acid, the reaction of chitosan with cyclic
diester of lactic acid in a screw extruder at temperature range from 90 to 120 °C did not stop on the stage
of the formation of grafted amide monoester; it proceeded further with the formation of grafted polyesters [184] (Figure 9).
In general, the addition of lactone on the first stage
followed by the ring opening passed across the NH2
groups by virtue of their high nucleophility.
As for the selective modification of chitosan with
poly(lactides) across the primary OH groups, the protection of the NH2 groups was implemented via the
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Figure 11. Modification of chitosan with linear polyester of
lactic acid with obtaining chitosan-graft-poly(lactides) grafted across amide and ester bonds.

Figure 10. Selective modification of chitosan with cyclic diester of lactic acid with obtaining chitosan-graftpoly(lactide) containing free aminogroups.

imidization with phtalic anhydride in order to exclude
the formation any grafted derivatives across the NH2
groups. After such a specific grafting of chitosan with
poly(lactide) at 120 °C for 60 h, the phthalimide protecting group was easily eliminated by the treatment
with hydrazine hydrate [185] (Figure 10).
An unwanted process during the de-protection stage
was the partial aminolysis of the poly(lactide) chains
with hydrazine hydrate, and the grafting extent after
this was as low as 14%. It was pointed out in the article [185] that the phthalimide residues not only
played a role of the protecting groups but also were
the catalysts in the reactions of the formation of the
grafted poly(lactides). Chitosan-graft-poly(lactides)
obtained in such a way formed stable complexes with
the DNA macromolecules across the ionic interactions
of the ammonium (in grafted chitosan) and phosphate (in DNA) groups. These specific chitosan-graftpoly(lactides) can be promising for the design of the
biodegradable drugs carriers and the scaffold-like
bio-implants. The disadvantages of this approach for
obtaining such chitosan-graft-poly(lactides) were in
the use of toxic organic solvents, reagents, and the
multi-stage of the process.
It was proven, when chitosan underwent solid-state
modification with linear poly(lactide) (Figure 11) in
a screw extruder within the temperature range of 50–
150 °C, that the increase of temperature favored to
the reaction of poly(lactide) alсoholysis (Figure 11 2);

this resulted in the near uniform structure of the grafted
copolymers. Lower temperatures, on contrary, favored to the predomination of aminolysis reactions
(Figure 11 1). All of these processes passed with the
cleavage of the ester bond of the poly(lactide) macromolecule [186].
Here, some remarks should be done. For example,
Figure 11 has a tentative character because there has
been a probability of a simultaneous acylation of two
reaction functional groups in one repeating unit.
Moreover, the kinetic reaction control may be predominant at high temperatures because the activation
energy of the aminolysis reaction has to be lower
than that of alcoholysis. Chitosan-graft-poly(lactides)
obtained by the solid phase method can be promising
for use in tissue engineering in order to design
porous scaffold structures utilized in wound healing
[182] and for making bone implants [187]. Besides,
all similar graft copolymers contain the grafted poly
(lactide) blocks, being the polymers and oligomers
of lactic acid, a natural substance, which is resorbed
by an organism during an implant biodegradation.
Other examples of the chitosan modification with
cyclic esters of hydroxycarboxylic acids were in the
use of ε-caprolactones. In [25], different approaches
to the grafting process, including selective ones, of
poly(ε-caprolactonic) fragments onto the chitosan
macromolecule to yield chitosan-graft-poly(ε-caprolactones) were described. In particular, two main approaches such as ‘grafting from’, where the side chain
built up from the core macromolecule, and ‘grafting
to’, where the ‘ready-made’ side chain grafted to the
core macromolecule, were pointed out. In the case
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Figure 12. Chitosan-graft-poly(ε-caprolactone) synthesized
in methanesulfonic acid medium.

of the ‘grafting to’ process, the size of the grafted
residues was almost identical to that of the initial
oligo- or macromolecules.
The specific approach to obtaining chitosan-graftpoly(ε-caprolactone) via the interaction of the carefully dried chitosan with ε-caprolactone in methanesulfonic acid medium at 45°C was described in [188].
The CH2OH groups participated in the process of the
‘grafting from’ copolymerization, and the NH2 groups
did not take part in this process, probably, due to
their quaternization in methanesulfonic acid medium
(Figure 12).
The graft copolymer obtained was soluble in most
organic solvents, and it could be used for making
nano-threads by the electro-spining method. The
formed nano-threads were utilized for the design of
the fibrin-like mat scaffolds used for regenerating a
damaged skin.
3.2.2. Chitosan modification with carboxylic
acids anhydrides
Anhydrides of carboxylic acids are more reactive
than native carboxylic acids or their alkyl esters.
Hence, the grafted amides of chitosan from such carboxylic acids derivatives form under relatively mild
conditions.
In order to obtain biodegradable materials compatible with blood, chitosan acylation was carried out with
anhydrides of acetic, propionic, butanoic, valeric, and

Figure 13. Chitosan acylation with anhydrides of acetic, propionic, butanoic, valeric, and hexanoic acids.

hexanoic acids to yield grafted amides with the modification degree of 20–50% [189] (Figure 13).
The blood compatibility of the acylated chitosan derivatives improved with the increase in the length of
hydrocarbon residues of acids, whilst the biodegradable properties did not change in an appreciable degree. In addition, the chitosan modification with anhydrides of stearic, palmitic and octanoic acids in
DMSO medium at 60 °C for 8 h was implemented
[190]. In this case, a modification degree of 0.9–
29.6% was achieved. Such derivatives in aqueous
media formed nano-micelles with the dimensions of
140–278 nm, and the critical concentration of the
micelle formation depended on pH of media and the
concentration of NaCl.
Unlike anhydrides, the products of the OH and NH2
groups acylation with an exhaustive degree of the
modification were formed when chitosan was modified in the first stage of the reaction with very high
reactive chloride of hexanoic acid in chloroform
medium and in the presence of pyridine as the HCl
acceptor at about –10 to –5 °C in an ice-salt bath for
2 h [191] (Figure 14).
These products exhibited good compatibility with
blood. The drawbacks of this approach were in the
use of instable acid chlorides, toxic chloroform and
pyridine, as well as the HCl elimination.
Another approach to the modification of chitosan
with acid chlorides consisted in the interaction of
carboxymethylchitosan with 4-formylbenzoyl chloride in the presence of triethylamine as HCl acceptor.
The grafted derivative was then utilized to connect
a doxorubicin molecule with the main polymer matrix in DMSO medium [192] (Figure 15).
Here, grafted 4-formylbenzoyl amide played a role
of the anchor residue in order to connect doxorubicin,
which was released later in a tumor. The final products with a doxorubicin loading of 5.58–10.45% were
capable to form nano-micelles with sizes of about
114–268 nm. It was proven that the doxorubicin
release behavior depended on pH of media, and the

Figure 14. Chitosan exhaustively acylated with chloride of
hexanoic acid.
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Figure 17. Chitosan modification with maleic anhydride in
DMAA medium.
Figure 15. Interaction of carboxymethylchitosan with 4formylbenzoyl chloride followed by anchoring
doxorubicin across azomethine bond.

release increased at lower pH. The drawbacks of this
approach were in the use of toxic SOCl2 for the synthesis of 4-formylbenzoyl chloride and trimethylamine.
As for the modification with linear poly(anhydrides)
of dicarboxylic acids, specific examples of the chitosan interaction with poly(adipine) and poly(sebacine) anhydrides were described in [193] (Figure 16).
The modification was carried out in toluene medium
(toxic and flammable solvent), and the yields the
grafted poly(anhydrides) were 60.3 and 51.1% for
poly(adipine) and poly(sebacine) anhydrides, respectively. Authors claimed that such derivatives could be
promising as the DNA and gene materials carriers.
The chitosan acylation with cyclic anhydrides of dicarboxylic acids, for example, with maleic anhydride
in DMAA medium passed across the ring opening and
the selective formation of poly(amideacids) [194]
(Figure 17).
Maleinated chitosan is an effective adsorbent of
dyes. It can also be a promising material for regenerative medicine.
An analogous reaction followed by the ring opening
and the formation of grafted poly(amideacids) is characteristic for anhydrides of succinic acids, e.g., for
3-(dodec-2-en-1-yl) succinic anhydride [195] (Figure 18).

Figure 16. Chitosan modified with poly(adipine) and poly
(sebacine) anhydrides.

The reaction was implemented in a medium of the
mixture of 1% water in CH3COOH and methanol
(1/1 by volume). Here, a modification degree of 5–
30% was achieved. These grafted derivatives of chitosan were soluble in water in the form of sodium poly
(salts) and possessed surfactant properties due to the
presence of the long hydrocarbon residue. Hence, they
can be utilized as polymeric soaps and thickeners.
Such cyclic anhydrides as succinic, maleic, and phthalic were utilized for the solid-phase modification
of chitosan. This approach was realized in the work
[176] (Figure 19).
Amideacids grafted onto the core chitosan macromolecule were obtained with nearly quantitative
yields by virtue of the high reactivity of five-membered cyclic anhydrides. These grafted derivatives
were insoluble in acidic aqueous media and formed
gel-like masses. The main advantage of such a solid
phase reaction was in the absence of toxic and flammable reagents and solvents.

Figure 18. Chitosan modification with 3-(dodec-2-en-1-yl)
succinic anhydride.

Figure 19. Solid-phase modification of chitosan with succinic, maleic and phtalic anhydrides.
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3.2.3. Chitosan modification with ‘activated’
derivatives of carboxylic acids
N-hydroxysuccinimide esters (so-called ‘activated
esters’) have found wide application in the chitosan
modification. Such esters, due to their stability in different media, can be utilized both in situ and separately even in protic solvents. To obtain these derivatives, such condensing reagents as mixtures of either
carbodiimides with tertiary aliphatic or aromatic
amines and N-hydroxysuccinimide or carbodiimides
containing tertiary amino group, e. g., N-ethyl-N′-(3dimethylaminopropyl)carbodiimide with N-hydroxysuccinimide alone were utilized.
For example, the methods for the modification of
low molecular chitosans (chitosan oligomers) with
highest fatty acids in the presence of such condensing systems as carbodiimide/N-hydroxysuccinimide
or carbodiimide/4-substituted aminopyridine were
described [25, 196–201] (Figure 20). Here, an ‘activated’ derivative of any carboxylic acid formed in
situ and then reacted with the chitosan aminogroups
to yield the grafted amides.
In this case, low molecular chitosans (about 3.0–
45.0 kDa) were utilized, in general, and the reactions
were carried out in dichloromethane, water-alcohol
or water-acetone media at about 40–80 °C. The grafted derivatives obtained with a modification degree
of 3.30–63.41% formed nano-micelles in different
media and could be utilized as nano-systems for the
delivery of drugs or genes.
The similar approach with the use of carbodiimides
was also utilized for grafting poly(lactides) onto chitosan. The essence of such an approach was in the
interaction of the terminal COOH group of poly(lactic) acid with chitosan in DMSO medium and in the
presence of a condensing system such as N-ethyl-N'(dimethylaminopropyl) carbodiimide hydrochloride/
N-hydroxysuccinimide [187] (Figure 21).
Here, the grafting, analogous to the abovementioned
case, occurred predominantly across the NH2 groups.

Figure 20. Chitosan modification with highest fatty acids in
liquid phase and in presence of carbodiimide condensing systems.

Figure 21. Chitosan ‘grafting on’ modification with polylactides in liquid phase and in presence of carbodiimide condensing systems.

These grafted chitosans revealed good anti-coagulant
activity and blood compatibility along with the absence of cell toxicity and inflammatory processes.
An analogous grafting of poly(lactides) onto the chitosan macromolecule was also implemented in a
medium of the mixture of DMFA/water solution of
CH3COOH [202]. A blend of N-ethyl-N'-(dimethylaminopropyl) carbodiimide hydrochloride with
N-hydroxysuccinimide was utilized as the condensing system. Unlike the previous examples, a copolymer of lactide with citric acid as the cross-linker was
used in order to obtain three-dimensional crosslinked polymers. The nanocapsules with dimensions
of 97–164 nm were made based on these graft copolymers, which could be utilized to encapsulate such antitumor drugs as doxorubicin and temozolomide.
The mixture of N-ethyl-N′-(3-dimethylaminopropyl)
carbodiimide hydrochloride together with N-hydroxysuccinimide was utilized in order to graft methyl
glycinate to carboxymethylchitosan via amide bond
formation. Then, the methyl ester groups of the glycinate residues were transformed to hydrazides via
a treatment with hydrazine hydrate [203]. Such hydrazides possessed the ability to form hydrazone of
daunorubicin (antitumor drug). The structure of this
daunorubicin conjugate is shown on Figure 22.
These conjugates formed smart pH-sensitive nanoparticles with mean sizes of about 104–216 nm and
the maximal drug capacity of 12.45%. Such nanoparticles unfolded under decreasing pH in a tumor
cell followed by the release of daunorubicin via the
azomethine bond hydrolysis. The drawback of this
approach was in the use of toxic hydrazine. The use
of hydrazide for the connection of the antitumor drug
residue instead of azomethines from aldehyde as in
[192] seemed to be due to the lesser electrophilic activity of the ketone fragment in daunorubicin.
Graphene oxide nanoparticles, due to the presence
of the ‘terminal’ COOH groups, can also graft onto
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Figure 22. Daunorubicin anchored with core macromolecule
across of hydrazone of grafted amide of glycine
and carboxymethylchitosan.

chitosan in DMFA medium under ultrasound treatment, utilizing a condensing system such as dicyclohexylcarbodiimid/4-aminopyridine [204]. Here, the
grafting passed via amide bond formation. The grafted
nano-derivative formed colloid solutions in 2% water
CH3COOH under the intensive ultrasound treatment.
Then, these solutions were used in order to make film
materials with the chitosan polymer matrix. These
materials were compatible with stem cells.
Using the ‘carbodiimide’ approach, the fragments of
deoxycholic (biliary acid with the steroid fragment)
and ethylenediaminetetraacetic acids were grafted
onto the chitosan macromolecule via the amide bonds
formation [23]. Chitosans with the grafted deoxycholic residues formed the conjugates with DNA.
Such conjugates can be promising as gene material
carriers. As for chitosans with the grafted ethylenediaminetetraacetic residues, they revealed a positive
synergetic effect of complexation ability that was

characteristic for both the initial modifying agent
and native chitosan.
N-hydroxysuccinimide esters can be utilized as the
separate reagents to graft carboxylic acids residues
onto chitosan. For example, the palmitic acid residues
were grafted onto glycol chitosan via interaction of
it with N-hydroxysuccinimide ester of palmitic acid
in water-ethanol mixture and in the presence of sodium bicarbonate [205]. In this case, the substitution
degree of the grafted derivatives was achieved to be
5.49–20.13%; it depended on the molar ratio of the
initial reagents. Micelles based on these grafted derivatives were used for corneal delivery of cyclosporine, which is usually utilized in the immunosuppression therapies at transplantation.
N-hydroxysuccinimide esters can also be utilized to
graft selectively the poly(ε-caprolactone) onto chitosan [206] (Figure 23). Here, the abovementioned
‘grafting on’ approach was used. A complex multistage synthesis of chitosan-graft-poly(ε-caprolactone) was implemented exclusively across the chitosan NH2 groups, where the CH2OH group was previously protected with the triphenylmethyl residue.
In this case, the poly(ε-caprolactone) residue connected with the ‘anchor’ fragment of the succinic
acid residue across the ester bond. This ‘anchor’
fragment connected directly with the chitosan macromolecule across the amide bond. After the grafting
process was stopped, the triphenylmethyl protecting
group was eliminated via HCl treatment, regenerating

Figure 23. Selective ‘grafting on’ modification of chitosan with poly(ε-caprolactone) with obtaining chitosan-graftpoly(ε-caprolactone) exclusively across NH2 groups.
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the CH2OH group. These grafted chitosan derivatives
were soluble in the most of organic solvents. They
were capable to forming the carrier nanocapsules to
deliver the drugs and the genes. The main drawbacks
of this approach were in the multi-stage and the complexity of the process and utilizing toxic hydrazine
hydrate for the CH2OH groups deprotection.
In addition, other specific ‘activated’ compounds, for
example, N-acylazolides, dicetenes, as well as the
high reactive derivatives obtained from N-acylated
lactames (cyclic amides) and chlorinating agents can
be utilized [25, 116]. The reaction mechanisms of the
acylation, utilizing such ‘activated’ reagents, were
carefully described in [116].

4. Conclusions
The literature analysis has revealed that the chitosan
modification with carboxylic acids can be carried out
in two ways. The first was in utilizing directly either
the carboxyl function or its highly reactive derivatives. The second was in the use of the active functional groups in the hydrocarbon residue, saving the
carboxyl function. The NH2 (in the more extent)
and/or CH2OH (in the lesser extent) groups in the chitosan macromolecule participate as the reaction centers. The examples of utilizing lower carboxylic acids
or their derivatives with the number of the carbon
atoms from one to six were given in the most of
works. The modified products could be used in different areas of the regenerative medicine, including
the design of matrix carriers of the stem cells (scaffolds).
As for such higher fatty acids as palmitic, stearic,
oleic, linoleic, linolenic, and deoxycholic, low molecular chitosans (about 3.0–45.0 kDa) can be readily modified with them in the presence of the carbodiimide condensing systems. The products obtained exhibited surfactant properties, formed nano-micelles
in different media, and could be utilized as nano-systems for the delivery of drugs or genes. Chitosan modified with anhydride of 3-(dodec-2-en-1-yl) succinic
acid can be utilized in the form of sodium polymeric
salt as a polymeric soap or a thickener.
It is necessary to note that the most of the scientific
works were devoted to the preparation of the interpolymeric complexes (the conjugates), viz., chitosan/
poly(carboxylic acid). Both carbochain and heterochain poly(carboxylic acids) were utilized as the
poly(acid) components. The general characteristic of
all of inter-polymeric conjugates was the ability to

swell; this phenomenon depended on pH of media.
So, they could be widely utilized as the drugs carriers with controlled release.
The graft polymerization of (meth)acrylic, itaconic
acids or their derivatives, vinyl esters and lactams
onto chitosan was initiated with different redox systems. This approach is a scientific direction of large
interest. Obtained carbochain graft copolymers, in
which the side chains contain the functional groups
of the initial unsaturated carboxylic acids or their derivatives, could be used as the complex-forming
agents, the drugs carriers, and the components of the
bone implants. It is necessary also to note the observed nowadays trend towards obtaining similar conjugates with oxidized carbon nanoparticles containing
COOH groups.
Besides, the chitosan modification with cyclic and
linear esters of such hydroxyacids as glycolic, lactic,
and ε-hydroxycapronic ones has been widely disseminated. Grafting with these esters was carried out both
in solid phase and in solution media. The main specific characteristic of them in comparison with the
abovementioned carbochain graft copolymers is the
good biodegradation ability. Hence, they could be
utilized, in general, for the design of scaffolds and
drugs carriers.
The generalization of the main approaches to the chitosan modifications with carboxylic acids and/or
their derivatives is presented on Figure 24. Here, the
arrows show the reaction centers that take part directly in these modification reactions.
However, despite the advantages of the grafted
chitosan derivatives obtained via the interaction of
this polysaccharide with carboxylic acids or their
derivatives, there are some problems listed below.
• The difficulties of the selective acylation of the
NH2 and OH groups due to their different nucleophility are present. This forced researchers to use
different protecting groups, which resulted in the
complication of the synthetic procedures and the
use of toxic reagents (e.g., hydrazine hydrate) for
deprotecting the chitosan functional groups. In addition, this forced researchers to carry out the
modification processes in aggressive media (e.g.,
in methanesulfonic acid).
• The use of toxic and flammable reagents and solvents, for example, tertiary amines, carbodiimides,
chloroform, toluene, methanol, aminopyridines, etc.
took place in the most of the cases (See also the previous item).
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Figure 24. General scheme of main approaches to chitosan modifications with carboxylic acids and/or their derivatives.

• The environmentally safe and solid-state method
for the chitosan modification was proven to be good
itself only for obtaining grafted poly(lactides) from
cyclic dilactides or linear poly(lactides) because the
use of native (mono)carboxylic acids resulted in
the derivatives with low acylation degree. Most of
such acids appeared in the end-products as poly
(ammoniun salts), and the use of cyclic anhydrides
of dicarboxylic acids resulted in cross-linking in
the most of the cases.
• In the scientific literature, the descriptions of the
ways of the chitosan modification with cyclic diglycolides or linear poly(glycolides) seem to be either
absent or available in limited amounts.
At the same time, the scientific efforts should be directed at searching novel ways of chitosan modification, which would be promising from the ecological and economic points of view. Hence, the main
attention should be paid to perspective modification
methods similar to the solid-phase ones in a screw
extruder [175–177], a film [177, 181], and aqueous
media without any additives [182]. In [185], the probable catalytic effect of the phthalimide residue on the
‘grafting from’ process of cyclic dilactide proceeding

on chitosan macromolecule was mentioned. This
fact can give an impulse for investigations in this direction concerning a use of phthalimides as catalysts
for promoting a formation of grafted chitosan derivatives with cyclic, oligo- or polyesters of hydroxyacids. The interesting and perspective directions toward to the development of carbon, inorganic nanomaterials, and micellar nano-systems, including ones
functionalized with the COOH groups, should also
be developed [130, 131, 168–173, 179, 180, 183,
188, 190, 192, 202–204, 206].
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