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Abstract

Chitosan is a biopolymer derived from chitin. It is a non-toxic, biocompatible, bioactive, and biodegradable
polymer. Due to its properties, chitosan attracted considerable attention in several fields such as agriculture, food
industry, medicine, paper fabrication, textile industry, and water treatment. In addition to these properties,
chitosan has a good film-forming ability which allows it to be widely used for the development of sensors and
biosensors. This review will be focused on the use of chitosan-based composites for the preparation of the
electrochemical sensors. It also aims to provide an overview of the advantages of using chitosan as an
immobilization platform for biomolecules by highlighting its applications in electrochemical biosensors.
Furthermore, the application of molecularly imprinted chitosan for the preparation of the electrochemical sensors
will be discussed.
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1. Introduction

Chitosan is a biopolymer derived of chitin which is a structural polymer of the exoskeletons of all
arthropods (crustaceans and insects) and endoskeletons of cephalopods (cuttlefish, squid, ...). It is
obtained mainly from the shell of shrimp. The deacetylation reaction of the chitin in a basic medium
allows producing chitosan. This later is a linear copolymer composed by repeat units of D-glucosamine
and N-acetyl-D-glucosamine, linked by a R-bond (1—4) [1]. Chitosan has attracted considerable
attention because of its many potential applications in agriculture [2], food industry [3], medicine [4],
textile industry [5], and water treatment [6].

Chitosan is widely used for the preparation of sensors and biosensors thanks to its non-toxic,
biocompatible, and biodegradable properties, and especially its film-forming ability [7,8]. A sensor is a
device that translates biological, physical, or chemical information into a quantifiable signal (electrical,
optical, thermal ...). The electrochemical sensors are highly sensitive and selective towards various types
of analytes [9]. They allow a faster and easier analysis than conventional analytical techniques such as
chromatography, mass spectrometry (MS), and nuclear magnetic resonance (NMR). The
macromolecular chain of chitosan can be easily modified with nanoparticles and conductive polymers
to produce composites with high electron transfer rate and specific surface area for the development of
the electrochemical sensors [10,11]. Also, thanks to the free amine and alcohol groups, chitosan is largely
used for the immobilization of biomolecules such as enzymes [12], DNAs [13], and antibodies/antigens
[14] for the preparation of electrochemical biosensors.

Molecularly imprinted polymer (MIP) is a material obtained by the polymerization reaction of a
functional monomer in the presence of a template. The molecular imprinting allows the formation of the
specific recognition sites (cavities) in polymer matrices. For this reason, these materials have an affinity
for the original molecule. The MIP rebinds to the target molecule by the same mechanism as that between
the antibody and antigen [15]. Chitosan is an outstanding candidate for the preparation of MIPs thinks
to its amine and alcohol groups which are capable to react with various types of cross-linkers and to
create the specific cavities for the several types of analytes. Molecularly imprinted chitosans (MICs) are
widely applied for developing robust electrochemical sensors for industry, diagnostics, and
environmental analysis [7].

In this review, we describe the various properties of chitosan and its application for the development of
the electrochemical sensors and biosensors focusing on the last 5 years. This manuscript begins with
some generalities of chitosan, then the chitosan-based composites for the preparation of the
electrochemical sensors, and ends with the application of chitosan as an immobilization platform of

biomolecules for the development of the electrochemical biosensors. The use of the molecularly
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imprinted chitosan for the preparation of the electrochemical sensors will be also discussed.

2. Preparation, properties, applications, and chemical modifications of chitosan
2.1. Chitosan preparation
As mentioned above, chitosan is a natural cationic polysaccharide (in dilute acid medium) derived from
chitin. The deacetylation reaction of chitin in a basic medium leads to chitosan (figure 1). The chemical
structure of chitosan is a chain composed of two monomeric units: deacetylated D-glucosamine and N-
acetyl-D-glucosamine linked via a glycosidic bond (1—4). The chitin and chitosan structures differ only

in the groups linked to carbon 2 which are acetamide for chitin and amine for chitosan [16].
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Figure 1: Preparation of chitin and chitosan

The distinction between chitin and chitosan is based on the degree of deacetylation (DDA), which is the
proportion of amine groups to acetyl groups that are present in the polymer chains. Chitosan has a DDA
that varies between 50 and 99% with an average of 80%; it is highly dependent on crustacean species
and preparation methods. However, chitin has a DDA below 50%. Indeed, at a DDA higher than 50%,
chitosan becomes soluble in diluted acidic aqueous solutions. Moreover, it has free amine groups which

are active sites in chemical reactions.

2.2.Properties of chitosan

The properties of chitosan depend on DDA and molar mass; these parameters influence the physical,
chemical, and also biological properties. Crystallinity is also an important parameter because it controls
many properties such as swelling in water. Chitosan is generally a semicrystalline material, it crystallizes
in the orthorhombic system and two types of products are available: chitosan | with a low DDA is more
disordered than chitosan Il with a high DDA [17].

The presence of the amine functions, the charge, and the properties of chitosan vary with the pH. At low
pH (3-4), the amines protonate and become positively charged. It is the only polycation from natural
origin. Whereas at high pH, chitosan cannot attract hydrogen, so it does not gain positive charges and

will remain insoluble [18].
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Chitosan shows better adhesion properties to negatively charged surfaces [17]. Its cationic character in
an acid medium allows it to react with negatively charged biological compounds. Besides, the nature of
the glycosidic bonds also gives chitosan an excellent film-forming property.

Chitosan presents several biologic properties, it is non-toxic, biocompatible, bioactive, and
biodegradable polymer [19]. Also, its antimicrobial activity has been extensively described and
published in recent years for its action against a wide variety of microorganisms including bacterial and

fungal species. Chitosan inhibits the growth of many parasites and reduces the development of infections

[4]

2.3.General applications of chitosan
Chitosan has many applications in different fields because of its various properties listed above
especially its polycationic character which is unique among natural polymers. It finds applications in
economically promising sectors such as the food [3], cosmetics [20], pharmaceutical [21], agricultural
[2] industries, and in the development of sensors and biosensors [22,23]. Indeed, several of research
works have made possible to study and develop the use of chitosan as an encapsulation material for
drugs. This would allow the controlled release of the drug or any other substance [24]. Chitosan is also
largely used for water treatment thanks to its chelating property which allows it to eliminate heavy
metals, even in very small quantities [25]. Moreover, in the field of cosmetics, the film-forming and
cationic properties of chitosan are exploited in many hair and skincare creams and lotions [26]. Also, in
agriculture, chitosan is capable of triggering defense mechanisms in plants against infections and

parasitic attacks [27].

2.4.Chemical modifications of chitosan
The presence of reactive functional groups as well as the polysaccharide nature of chitosan, allows it to
perform numerous chemical modifications (figure 2). Amine and hydroxyls groups can provoke
chemical reactions such as alkylation, reaction with aldehydes, epoxides, and ketones, etc [28-30]. These
reactive groups allow chitosan to be easily transformed into gels, films, nanofibers, and nanoparticles
[31-33].

3. Electrochemical sensors based on chitosan

An electrochemical sensor is a device that allows the translation of biological, chemical, or physical
information into an electrical signal. The electrochemical sensors are widely used in chemical analysis
and research in many fields such as the chemical industry, food industry, environment, pharmacy, etc
[34].
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Figure 2: Chemical modifications of chitosan

Chitosan is a functional material that shows good adhesion, film-forming ability, and biocompatibility
properties [35], which are favorable for the fabrication of the sensors. Chitosan does not exhibit electrical
conductivity, therefore it is generally combined with nanoparticles like graphene [36], and multiwall
carbon nanotubes [37] as well as with conducting polymers such as polypyrrole [38] and polyaniline

[39] to enhance its electrical properties for sensing applications (Scheme 1).

3.1.Electrochemical sensors based on chitosan and nanomaterials
The polymeric chain of chitosan can be easily modified with various types of nanoparticles, which makes
it suitable for the development of nanocomposites films. Thanks to the large specific surface area and

very high charge transfer of the nanoparticles, chitosan nanocomposites are widely used in sensors

construction (Table 1).
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Scheme 1: Preparation process of the electrochemical sensors based on chitosan composites

The development of chitosan nanocomposites based sensing platforms have been considered as an
attractive topic due to their mechanical, physicochemical, and electrical properties. Besides, they provide
high sensitivity to detect low levels of analyte. Indeed, Lou et al. [40] developed an electrochemical
sensor for the amlodipine identification, using a porous nickel molybdate nanosheets-chitosan
nanocomposite modified glassy carbon electrode. This device shows an improved electrochemical
performance of the sensor compared to some of the electrochemical sensors developed for the
determination of amlodipine such as the sensors prepared by multi-walled carbon nanotubes and graphite
modified paste electrode [41] or multi-walled carbon nanotubes modified the gold electrode [42]. A
similar case was observed with a sensor based on chitosan- zeolitic imidazolate framework-8 (ZIF-8)-
acetylene black nanocomposites for rutin determination [43]. The chitosan was used as a dispersive agent
of ZIF-8 and acetylene black. Then the obtained dispersion was dropped onto the surface of glassy
carbon electrode and dried under an infrared lamp. The authors reported that the sensor has high
sensitivity, good stability, and reproducibility towards rutin.

Chitosan-multiwall carbon nanotubes (Chitosan-MWCNTS) nanocomposites have gained interest as an
attractive material to increase the sensitivity of electrochemical sensors by increasing the electrode
surface area and improving the electron transfer. Generally, the positive charge of amino groups of
chitosan is self-assembled via electrostatic interactions with the negative charge of carboxylic groups of
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the functionalized MWCNTSs. For example, Akhter and colleagues fabricated an electrochemical sensor
based on MWCNTs-chitosan-Co nanocomposite for the detection of the paracetamol [44]. The
MWCNTSs have been electrostatically attached in the chitosan chain, then the obtained nanocomposite
was used to immobilize cobalt ion. The fabricated sensor was successfully used for the determination of
paracetamol in commercial human serum and tablets samples. Velmurugan et al. [45] published another
research work for the determination of nitrofurantoin using MWCNT-chitosan nanocomposite
incorporated nano-hydroxyapatite.

Gold nanoparticles are ideal candidates for the modification of chitosan biopolymer to prepare
electrochemical sensors due to their high conductivity, absorbability, and catalyzing electrochemical
reactions. In fact, Diouf et al. [22] developed a new electrochemical sensor by self-assembling chitosan
capped with gold nanoparticles on a screen-printed carbon electrode. This sensor presents outstanding
advantages for the determination of aspirin compared to other sensors such as those prepared by using
graphene modified glassy carbon electrode [46] or ZnO nanoparticle ionic liquid composite modified
carbon paste electrode [47]. In fact, this sensor exhibits good sensitivity and selectivity toward aspirin
in human physiological fluids and tablets samples. Trani et al. [48] fabricated a selective electrochemical
sensor for the detection of caffeine using chitosan-gold nanocomposite as a platform modifying the
electrode surface. The sensor was then effectively used for the determination of caffeine in commercial
beverages.

The electrochemical sensors based on chitosan-iron oxide (Chitosan-Fez04) nanocomposite have been
used for the determination of a wide range of molecules, with a recent application for gallic acid in green
tea [49]. The combination of chitosan with Fe3O4 nanoparticles enhances the oxidation current of gallic
acid, reaching a LOD of 12.1 nM. The proposed sensor was effectively used for the determination of the
gallic acid in green tea. Another example reported a sensor for the detection of bendiocarb based on
Chitosan-Fe304 nanocomposite as a glassy carbon electrode surface modifier [50]. The electrochemical
sensor showed great potential for bendiocarb identification.

Due to their unique electrical properties, large surface area, and good film-forming ability, chitosan-
graphene nanocomposite has been largely used for the development of electrochemical sensors. In fact,
Feng et al. [51] developed an electrochemical sensor based on chitosan/graphene oxide nanocomposite
for the detection of melamine. The graphene oxide was then homogeneously dispersed in the chitosan
solution due to the electrostatic attraction between them. The obtained sensor exhibits excellent
sensitivity to melamine and was effectively used for its determination in milk samples.

Chitosan nanocomposites are also compatible with screen-printed electrodes (SPE). Indeed, Reddy et.

[52] developed an electrochemical sensor based on conducting film of chitosan-gold nanocomposite
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modified SPE surface. A square wave voltammetry analysis technique was used to detect ciprofloxacin
with a micromolar detection limit of 0.001 uM. The author reported that the sensor was effectively

employed for ciprofloxacin determination in biological samples.

Table 1: Typical examples of electrochemical sensors based on chitosan and nanomaterials.

Detection range

Electrode Analyte Technique (mol/L) LOD (mol/L) Real sample Ref
Nitrofurantoin
HANPs/MWCNT- . . 0.005x10°¢ - 9
CS/GCE Nitrofurantoin AM 982 1x10° 1.3x10 tablet, Tap water, [45]
Pond water
0.5x10°® - 1.5x10°3
Hydroquinone and (HQ) 0.17x10%(HQ)
MWCNTSs/CS/Au/GCE catechol DPV 5%10° - 0.9 X102 0.89x10°%(CT) Tap wate [53]
(CT)
GO-CS/Pt Hydrazine AM  20x105-10x102  3.6x10° Industrial waste 51
0.1 x10°- Pharmaceutical
NiMoO4/CS/GCE Amlodipine DPV . 5 12.74x10° Formulation and [40]
374.5x10
Human Serum
Pharmaceutical
AUNPs-GO-CS-ECH/GCE Clindamycin SWV  9.5x107- 1.4x10°* 2.9x10°7 formulations, [55]
synthetic urine and
river water
Human
Cs+AuNPs/ SPCE Aspirin DPV 5.5x101? - 5.5x10° 1.6x103 physiological fluids  [22]
and tablets Alassane
. 4.97x1078 - 6 Natural raw waters
CS-Fe;04/GCE Bendiocarb SWV 3.01x10°5 2.09x10 samples [50]
AUNP/CS/SPE Ciprofloxacin SWV  0.4x10°-150x10°  0.001x10®  Serum plasmaand o,
sensing urine samples
Co-CNT-CS/ CPE Daclatasvir DPV  10x10%12x10°  8.82x10°0 Urine and serum g

samples

HANPs: hydroxyapatite nanoparticles; HQ : Hydroquinone ; CT : catechol DPV: Differential pulse voltammetry ; SWV:
Square wave voltammetry ; AM : Amperometry; CS : Chitosan ; ECH: Epichlorohydrin; MWCNT : Multiwalled carbon
nanotubes ; GO : Graphene oxide ; AuNPs: Gold nanoparticles ; SPE: Screen-printed electrode; GCE: glassy carbon
electrode ; CPE : Carbon paste electrode ; CNT : Carbon nanotubes.

3.2.Electrochemical sensors based on chitosan and conducting polymers

Chitosan is a real candidate for the electrochemical sensor construction due to its high mechanical
strength, good film-forming ability, high mechanical strength, and high hydrophobicity [57]. But,
unfortunately, Chitosan is a non-conductive polymer, for this reason, the researchers combined chitosan
with other conductive polymers to increase the charge transfer (Table 2). In fact, chitosan is capable of
hybrids polymer formation with different types of conductive polymers having chemical structure
conjugated by m-bonds such as polypyrrole, and polyaniline for sensor development (scheme 1)
[38,39,58].

The combination of chitosan with different conducting polymers has been reported in the literature, for

example, Adeosun et al. [38] developed an electrochemical sensor for the detection of sulfite, using
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chitosan to facilitate the film formation and polypyrrole to improve the transfer charge. The proposed
sulfite sensor had a low LOD and high sensitivity. Furthermore, compared to other established methods
such as carbon-coated NiCo.04 Nano flower modified glassy carbon electrode [59], chitosan-
polypyrrole even showed a lower detection limit. This indicates an improvement in sulfite detection and
analysis. A similar chitosan-polypyrrole hybrid polymer in sensor preparation for Pb(l1) identification
was reported by Xu et al.[60]. This electrochemical sensor was successfully used for the determination
of Pb(Il) in wastewater samples. In the same context, an electrochemical sensor has been prepared for
nitrite identification using the drop-casting method of chitosan, polypyrrole, and carboxyl graphene
solution on the surface of the glassy carbon electrode. The sensor showed good sensitivity and selectivity
for NO? detection [11].

Another research work was published by Shen et al.[61] consist of the preparation of an electrochemical
sensor for the identification of dopamine, using chitosan to facilitate the film formation and poly(3,4-
ethylenedioxythiophene) as conducting polymer and graphene to further increase the electronic transfer.
The obtained sensor exhibited good sensitivity with a low detection limit of 0.29 uM toward dopamine.
Chitosan has been also combined with polyaniline for sensor preparation. In fact, Zad et al. [39]
developed an electrochemical sensor for the identification of fluconazole using chitosan-polyaniline-
Fes0s-Ni-Pd composite. The electrochemical signal was enhanced thanks to the nanoparticles and the
conjugation of polyaniline n-bonds. The constructed sensor was effectively applied for the detection of

fluconazole in urine, serum, and tablet samples.

Table 2: Electrochemical sensors based on chitosan-conducting polymers modified electrode.

. Detection range LOD

Electrode Analyte Technique (mol/L) (mol/L) Real sample Ref

Food and
PPY-CS/GCE sulfite DPV 50x106- 1100x10°® 0.21x10°® biological [38]

samples
PPy NP/polydopamine/GCE Pb(I1) DPV 0.1x10° - 50x10® 55x107° Wastewater [60]
Po'y(Vp'f)Fj (Tzé;(ACuHZ)3SO3 Cysteine DPV  0.05x10°-5000x10®  0.06 x10° - [62]
PSS/CS-G/SPE Dopamine DPV 0.05 x10° - 70x10°® 0.29x10° - [61]

3.5x10°6 - 200x10°¢; -
Tyr-SPAN-CS/GCE Phenol AM 20x10°® - 2000x10°° 0.8x10 Tap water [63]
Fe304@PA-Ni@Pd- 6 8 9 Serum, urine,

Cs/CILE Fluconazole DPV 0.01x10°° - 400x10 3.5x10 and tablets [39]
PPy-PDA-CS/GCE Pb(I1) DPV 0.1x10°6 - 50x10° 55x10°9 Wszs;fg"l’g;er [60]
CG/PPy/CS/GCE Nitrite DPV 0.2x10° - 1000x10°8 0.02x10® Water samples  [11]

CILE: Carbon ionic liquid paste electrod ; PPY: Polypyrrole; GCE: ; Poly(VPI"PTZ-(CH2)sSOs): Poly(1-vinyl-3-propionate
imidazole phenothiazine sulfonic acid ; PSS: poly (styrene sulfonate); SPE: Screen-printed electrode; GCE: Glassy carbon
electrode ; G: Graphene; CS; Chitosan; Tyr: Tyrosinase; SPAN: Sulfonated polyaniline; PA: Polyaniline; MWCNTS:
Multiwalled carbon nanotubes ; AuNPs: Gold nanoparticles ; DPV : Differential pulse voltammetry ; AM: Amperometry.
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4. Electrochemical biosensors based on chitosan

An electrochemical biosensor is a biosensor constituted of an electrode chemically modified, which can
provide selective quantitative or semi-quantitative analytical information using a biological recognition
element (biomolecule) [64]. The immobilization allows the biomolecules to be fixed and stabilized on
the transducer surface. The biomolecules can be immobilized directly on the transducer or on a support
such as a chitosan platform that can be rapidly attached to the transducer [65]. Chitosan is an outstanding
biopolymer for the development of the electrochemical biosensors because of its relevant chemical,
functional, adhesive, and filmogenic properties (Table 3) [8]. Besides, this biocompatible polymer is
rich in hydroxyl (OH) and amine (NH2) groups. Thanks to this later, it can be an excellent candidate for
the immobilization of biomolecules. In fact, these reactive groups can be rapidly coupled with various
types of biomolecules Such as DNA, enzymes, and antibody/antigen using covalent, electrostatic, or
entrapment approaches as described in Scheme 2.

Covalent Electrostatic Entrapment
immoblization immoblization immoblization

B Vv,

Arm-linker ‘

o
) - *

* Chitosan film
Biomolecule

/. Chitosan

<« FElectrode

Scheme 2: Chitosan-supported biomolecules immobilization on electrode surfaces.

4.1. Covalent immobilization of biomolecules

Chitosan is widely used as a covalent immobilizing agent of several biomolecules for the development
of biosensors. In fact, the chitosan chain is very rich in free amino groups which are highly reactive
under mild conditions with carbonyl groups of biomolecules forming very strong imine or amides bonds
(Scheme 2), thus explaining the high stability and reproducibility of the biosensors.

Kumar-Krishnan et al.[12] developed a novel sensitive glucose biosensor using chitosan film as an
immobilization platform for glucose oxidase enzyme and silver nanowires to enhance the electronic
transfer rate. The glucose oxidase was immobilized on the chitosan via covalent bonds, which protected

the enzyme to remain stable while retaining its activities and ensuring an efficient electrical connection.
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The resultant biosensor exhibits good sensitivity, selectivity, and long-term stability for glucose
determination. In the same context, Kumar Krishnan et al.[66] published another research work for the
detection of glucose using Pd@Pt nanocrystals to facilitate electron transfer, and chitosan for the
immobilization of glucose oxidase by covalent linkage through active amino (—NH2) side groups to
improve the stability. The biosensor provides remarkable opportunities for designing low-cost and

sensitive biosensors toward glucose.
Several reports related to the chitosan platform for covalent immobilization of DNA using the arm-linker

molecules such as glutaraldehyde. In fact, Gayathri et al.[67] prepared an electrochemical biosensor for
the identification of the aromatic compounds. The glutaraldehyde has been used to link covalently
between chitosan and DNA nanostructures by forming imine bonds between the aldehyde (-HCO)
groups of glutaraldehyde and the amine groups (-NH.) of chitosan and DNA nanostructures. The
biosensor was effectively used for the detection of the aromatic compounds. Xu et al.[68] developed an
electrochemical biosensor based on covalent immobilization of probe DNA on fern leaf-like a-Fe;O3
and chitosan hybrid film using terephthalaldenyde as arm-linker. The biosensor exhibited good
selectivity and sensitivity for the target DNA.

Chitosan has been used also for the elaboration of electrochemical immunosensors. Because of its ability
to fix the antibodies by covalent binding between amino groups of chitosan and the immunoglobins
employing, for example, Xiang et al.[69] developed a sensitive electrochemical immunosensor for the
salmonella detection. The composite film of chitosan-gold nanoparticles functionalized by carbonyl
groups was employed for the immobilization of capture antibody (Abl) for biorecognition. After the
fixation of salmonella and horseradish peroxidase (HRP) conjugated secondary antibody (Ab2) a
sandwich electrochemical immunosensor has been obtained. The authors reported that immunosensor
was effectively applied for the detection of salmonella. Ma et al.[14] prepared a novel electrochemical
biosensor based on one-step electrodeposition of chitosan-gold nano-composite on gold microelectrode
for the aflatoxin B1 identification. The film nano-composite offers abundant amine groups for covalently
antibody fixation. The simple method presented good fabrication controllability and high affinity of
aflatoxin. Another research work was published by Amit et al [70] consist in the preparation of a label-
free amperometric biosensor based on chitosan-Y2O3 nanocomposite for the determination of
norfloxacin. The fluoroquinolones antibodies were immobilized onto chitosan nanocomposite via
covalent interactions.

The glutaraldehyde is used largely as a cross-linking reagent to link covalently between chitosan and
antibodies. Indeed, Giner et al.[71] prepared a novel electrochemical immunosensor for the Escherichia

coli detection, using Chitosan, Polypyrrole, Multiwalled carbon nanotubes with gold nanoparticles
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hybrid sensing platform. The glutaraldehyde has been employed to link between chitosan and antibody
by forming imine bonds between the aldehyde (-HCO) groups of glutaraldehyde and the amine groups
(-NH2) of chitosan and the monoclonal anti-E. coli O157:H7. The immunosensor showed good

reproducibility and stability for the application in in food quality and safety control.

4.2.Electrostatic immobilization of biomolecules
Chitosan has demonstrated its capability to be used as a good biocompatible platform for electrostatic
immobilization of biomolecules including DNA, Enzymes, and antibodies/antigen [72—74]. Indeed, in
acidic media, the amino groups (-NH>) of chitosan are transformed into ammonium groups (—-NHs*)
[75], which facilitates the electrostatic interaction between the chitosan matrix and the negatively
charged groups of the desired biomolecule.
In this context, Anusha et al.[73] developed a novel amperometric biosensor using chitosan nanoparticles
as an immobilization platform for glucose oxidase enzyme and glucose as substrate. The immobilization
was carried out by electrostatic interaction between positively charged of amino groups of chitosan
nanoparticles and negatively charged glucose oxidase. The biosensor exhibited high sensitivity and
excellent substrate affinity towards the enzyme, as well as demonstrated good reproducibility,
repeatability, and stability. Similar chitosan function in biosensor preparation for glucose identification
was reported by Nazemi et al.[23] The electrostatic immobilization method was applied for the fixation
glucose oxidase enzyme onto the chitosan platform. Therefore, the authors were able to develop a novel
biosensor with good sensitivity and selectivity for the determination of glucose.
Recently, Mendes et al.[76] prepared an electrochemical biosensor based on laccase immobilized on a
nanocomposite chitosan-ZnO nanoparticles. The lactase enzyme was fixed using electrostatic interaction
through the -COO" groups of amino acids located at the surface of the protein, with free ammonium
groups (~NHz") of the chitosan layer. The biosensor was successfully used for the determination of
Chlorophenol in industrial wastewater.
Chitosan has also applied as an immobilization matrix for DNA using electrostatic binding. The latter
depending on the attraction between cationic amino groups in the chitosan chain and anionic phosphate
groups in the backbone of the DNA chains. Indeed, Majumdar et al.[77] developed an electrochemical
biosensor for the detection of nitrosamines. The DNA was electrostatically immobilized on chitosan
carbon dots composite. The authors reported that the biosensor was successfully used for the
determination of N-nitrosodimethylamine and N-nitrosodiethanolamine.
Another work was published by Gu et al.[78] that consists in the development of a new electrochemical
biosensor for the detection of polycyclic organic compounds using the protonated amino groups of

chitosan to immobilize electrostatically the DNA. The prepared biosensor exhibited good sensitivity and
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selectivity toward polycyclic organic compounds. The immobilization of DNA performance can also be
enhanced by chitosan nanoparticles [13]. Indeed, the electrostatic interaction between the free positive
charged amino groups of chitosan nanoparticles and the negatively charged phosphate groups of the
DNA ensures stable immobilization. The authors reported that the biosensor was effectively used for the
determination of toxic metal ion Hg?" in water samples [13].

The chitosan platforms have also been applied for the electrostatic immobilization of antibodies. For
example, Singh and colleagues fabricated an electrochemical immunosensor based chitosan-NizV20g
composite for biomonitoring of cardiac troponin I. The cationic amine (—NH3") groups present in
chitosan chain facilitated their binding with carboxyl (—COQ") groups of the cardiac antibody of troponin
| via electrostatic interaction. A good sensitivity, stability, and selectivity were achieved [74].

4.3.Entrapment immobilization of biomolecules

Hydrogels of chitosan are largely applied for the immobilization of several biomolecules using the
entrapment method. This property could be very useful for the elaboration of electrochemical biosensors.
In this context, Burrs et al.[79] Prepared a chitosan hydrogel for the encapsulation of alcohol oxidase
enzyme and then coated onto a nanoplatinum-graphene modified electrode. The biosensor was
effectively applied for the catalytic oxidation of methanol to produce hydrogen peroxide. The authors
reported that the chitosan hydrogel biosensor had the highest sensitivity, electro-active surface, and the
fastest response time. Another work was for the detection of phenol [63]. The tyrosinase enzyme was
immobilized on the electrode surface by entrapment in a chitosan-sulfonated polyaniline composite. The
biosensor exhibited a good selectivity and sensitivity with low detection limit of 0.8 nM.

Currently, there is an increasing number of electrochemical biosensors that apply chitosan as an enzyme
immobilization matrix using the entrapment method, Stoytcheva et al.[80] fabricated a new
amperometric bi-enzyme sensor for the organophosphorus pesticides determination using multi-walled
carbon nanotubes to enhance the electron transfer rate, and chitosan matrix to entrap the
organophosphorus hydrolase and horseradish peroxidase enzymes. The main advantage of this biosensor
is its high sensitivity and selectivity toward the organophosphorus pesticides.

An electrochemical sensor for the determination of glucose was fabricated by Senel et al.[81] using in
situ electropolymerization of pyrrole and thiophene-grafted chitosan (Ch-PTh-PPy). The glucose
oxidase was entrapped into the Ch-PTh-PPy layer. The authors reported that such biosensor is promising
in biosensor technology due to its electrical conductivity and its biocompatibility. Another research work
was published by Liu et al.[82] consist in the development of an electrochemical biosensor for the
identification of glucose, using chitosan film for the entrapment glucose oxidase. The biosensor

exhibited good sensitivity and selectivity for glucose.
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Table 3: Typical chitosan platforms for electrochemical biosensing.
. Immobilization . Detection range LOD Real
Electrode Biomolecule Analyte method Technique (mol/L) (mol/L) sample Ref
GOx-CS-PTh- . 3 3 5 3
PPy/ PGE Glucose oxidase Glucose Entrapment AM 1x107 - 8x10 90x10 [81]
ZnO /CS/CPE  Lactase enzyme  Chlorophenol  Electrostatic DPV 10° - 50 x10°6 0.7x106  'ndustrial - e
wastewater
GOXx/ZnONPs . a1 3 1 B
IL/CS/GCE Glucose oxidase Glucose Covalent Ccv 10 - 0.5x10 10 [83]
CS-GOx Glucose oxidase Glucose Entrapment Ccv 0-10x103 -- -- [82]
CSNPs- Glucose oxidase Glucose Electrostatic AM 0.001x103 - 10 1.1x106 [73]
GOx/Au
-6 _
AOx-CS Alcohol oxidase Methanol Entrapment DCPA 120500)((»1(20'6 100x10¢ -- [79]
CS-CAT/B- chronoamp 7 3 g
CD-FE Catalase H20; Covalent erometric 107- 6.0x10 5x 10 -- [84]
cs- Orange
GLM/GCE Glucose oxidase Glucose Entrapment Ccv 0.01x10%-10x10°%  1.32x10°® anq gpple [85]
juice
Pd‘Pt NCS' - _3_ -3 -6 .
CS-GOX/GCE Glucose oxidase Glucose Covalent Ccv 10- 6x10 0.2x10 [66]
Organophospho-
OPH-HRPbi-  rus hydrolase — Organophosph g ooy AM 2.6x10-35x10°  0.8x10° - [80]
enzyme and horseradish  orus Pesticides
peroxidas
AU/CS/IRGO/ Cytochrome . - % 5
GCE P450 bienzyme Clopidogrel Covalent Ccv 2x10° - 50x10 0.63x10 -- [86]
. 3.5x107°-200x10°
TérS/Sgél'E\l ) ngc;mrr:%se Phenol Entrapment AM : 200x10° - 0.8x10°%  Tapwater [63]
y 2000x10°?
SC-HRP/GCE ~ Horseradish Hydrogen Entrapment cv 5x10°- 40x10°  5x10° - [87]
peroxidase peroxide
NB/GOx/CS/I . . 0.019x10° - %
ONP/AP/GCE Glucose oxidase Glucose Electrostatic AM 8.6x10°3 19x10 -- [23]
Csé(éFéO/ DNA DNA Electrostatic DPV 1.7-80ppm 0.78ppm -- [88]
Nitrosodimeth
({:"[‘)T/'l”Ae) 0.9x10%- 7.4x107  9.9x10°
DNA/CSCD/ . (NDMA); (NDMA);
GCE DNA Nitros,c\):iethan Electrostatic DPV 9.6x10°- 4x107 9.6x10° -- [77]
: (NDEA) (NDEA)
olamine
(NDEA)
nSDNA/GTA/ Effluent of
cs- DNA Aromatic Covalent EIS - - dveand - og)
MWCNT/GE compounds industry of
a tannery
cDNA-MB- Tetracycline . i 3 " B
CS/GCE DNA hydrochloride Electrostatic DPV 0-2.50x10 5x10 [78]
Serum,
ds-DNA- urine and
MWNTs- . 0.7x10°°- 9 Taxol
Ti0,/Zr0, DNA Taxol Electrostatic DPV 1874%10° 0.01x10 injection [72]
CS/ PE solution
samples
S2-CP-
AuUNP/S1/CS- DNA p53 gene Covalent DPV 10 15-10° 3.0x1076 -- [89]
GR/GCE
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S1/TPA/CS- 1.0x107%4 - 15
Fe,05/GCE DNA DNA Covalent EIS 1.0x10°10 5.6x10 -- [68]
rgggg?\l'A DNA Hg(I1) Electrostatic EIS  0.1x109-10x10° 0.016x10° rilgfvf‘/;‘?er [13]
Monoclonal Escherichia 1 7
T/S)gﬁ}ll_N@Pég/' anti-E. coli coli Covalent Ccv 3x 1é.fu7n?LX 10 30 cfu/mL saFrgoldes [71]
0157:H7 0157:H7 P
BSA/anti- Fluoroquinolone Human
FQ/CS- s ant?bo dies Norfloxacin Covalent DPV 1012- 10x10°® 3.87x1012 urine [70]
Y203/ITO samples
. . 3.2x10-%0-
CS-AuNPs/Au a”“'Aéll""tox'” Aflatoxin B1 Covalent DPV  3.2x10%3.2x10°  1.9x1070 Maize  [14]
- 9.6x10
Cardiac .
CAb/CS- ! Cardiac : 2.09x10%3- 13 Serum
Ni3\/208/Au antlbod_y of troponin | Electrostatic Ccv 4 18x10° 2.09x10 sample [74]
troponin |
Gold . Milk and
nanodendrites/ PonpIonaI Botullngm Covalent EIS 0.2-230 pg/mL 0.15 serum [90]
antibody neurotoxin A pg/mL
Cs/ samples
. Human
PAADs@CN Anti-Alpha- Alpha- 1.4x10-7 - 18
Ds@Ab2 fetoprotein fetoprotein Covalent ECL 1.14x10° 4.7x10 sz(:]::?;s [91]

CS : Chitosan ; PTh : Poly(thiophene); DCPA : DC potential amperometry ; PGE: Pencil graphite electrode; CPE: Carbon paste
electrode;GOx: Glucose oxidase; ZnONPs: ZnO nanoparticles; IL: lonic liquid; GCE: Glasy carbone electrode ;
Au :Gold ;CSNPs : Chitosan nanoparticles; AOx: Alcohol oxidase; CAT: Catalase; p-CD: p-cyclodextrin; FE:
Ferrocene ;GOx : Glucose oxidase ; GLM : Glucose oxidase liposome microreactor ; NCs : Metal nanocrystals ; RGO : Reduced
graphene oxide ; Tyr: Tyrosinase; SPAN: Sulfonated polyaniline ; HRP : Horseradish peroxidase ; CSCD : Chitosan carbon dots ;
GTA : Glutaraldehyde ; GE : Graphite electrode ; MB : Methylene blue ; PE : Pencil electrode ; MWNTS : Multiwalled carbon
nanotubes ; S1 : probe sequence ; S2 : Complementary sequence; CR : graphene ; AuNPs : Gold nanoparticles ; NB : Nile blue;
IONP: Iron oxide nanoparticles ; AP : Aminophenyl modified ; TPA : Terephthalaldehyde ; 3D-rGO three-dimensional reduced
graphene oxide ; BSA :Bovine serum albumin ; ITO : Indium Tin Oxide ; Anti-FQ : Fluoroquinolones antibodies ; cAb : Cardiac
antibody of troponin I ; PAADs :Poly(amidoamine) dendrimers ; CNDs : Carbon nanodots.

5. Molecularly imprinted chitosan-based electrochemical sensors

MIP is a synthetic material obtained by the polymerization reaction of a functional monomer in the
presence of a template and a cross-linking agent. After the extraction step, MIP contains specific cavities
for a target molecule (Scheme 3). The manner of binding MIP to the target molecule is the same as that
of antibody/antigen [92]. MIPs present various advantages such as fast preparation, low cost, and
chemical stability [93,94].

The richness of the chitosan chain in amino and hydroxyl groups facilitates its reaction with several
types of cross-linking agents (epoxides, ketones, aldehydes, and acid groups). This cross-linking reaction
allows the creation of specific cavities for the target molecules. Besides, thanks to the chitosan
biocompatibility and film-forming ability its MIPs are widely employed as receptors for the elaboration
of sensors (Table 4). A catechol electrochemical sensor was prepared by Salvo-Comino et al.[95] using
chitosan as imprinting polymer, gold nanoparticles to enhance electronic transfer, and catechol as a
template molecule. The obtained solution was deposited onto the boron-doped diamond electrode
surface via the drop-costing method. The fabricated sensor was effectively used for the detection of

catechol in a real wine sample. Another research work was published by Gan et al.[96] consist in the
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development of an electrochemical sensor based on a multiwall carbon nanotube, SnS», and molecularly
imprinted chitosan for the identification 6-benzylaminopurine. The authors reported that the sensor has

high sensitivity and selectivity toward 6-benzylaminopurine.

Pre-polymerization

J2)UI|SS0J)
UOIDZ LI2WA|0g

v

Template removal
+ . A ) ) Rebinding g

Scheme 3: Schematic procedure for the preparation of the molecularly imprinted polymer.

In the same context, Lin et al. [97] developed an electrochemical sensor based on molecularly imprinted
chitosan for the detection of L-dopa. The sensor was prepared by the electrodeposition of the chitosan-
graphen solution onto the glassy carbon electrode surface. This electrochemical sensor exhibited good
sensitivity and selectivity toward L-dopa in pharmaceutical preparations and human blood serum. A
molecularly imprinted electrochemical quartz crystal microbalance sensor for the determination of
aspartame was developed by Srivastava et al. [98] by grafting aspartame-imprinted chitosan
nanoparticles on gold-coated quartz crystal electrode. The sensor exhibited high sensitivity and
selectivity toward aspartame.

Recently, an ion imprinting chitosan electrochemical sensor was prepared by Wei et al. [99] for the Cu
(1) identification. The sensor fabricated by chitosan-graphene oxide composite modified glassy carbon
electrode. The obtained sensor presented high sensitivity and selectivity for the detection of Cu(ll) in
tap and river water samples. Another chitosan-based electrochemical sensor was developed for the
determination of bisphenol A [100]. The chitosan imprinting polymer was mixed with bisphenol A and
then electrodeposited onto the surface of a gold electrode. The sensor was effectively used for the
identification of bisphenol A in real plastic bottles for drinking water.
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Table 4: Electrochemical sensors based on molecularly imprinted chitosan.

Analyte MIP/Electrode  Technique Linear range (mol/L) LOD (mol/L) Matrix Ref
Catechol CS/BDD cVv 10 6 -80x10® 6.9x107 Red wine [101]
L-5- GR-MIPs/GCE DPV 5x10°8 - 7x10® 6x10° Human blood serum  [102]
hydroxytryptophan
. MIPs- 4 3 7 ]

Dopamine CuC0,04/C DPV 5.1x10" - 95%10 1.6x10 [103]
Propranolol MIPs/rGO/GCE DPV 50x10°¢ - 103 - Racemic solution  [104]

- MIPS' -8 _ -5 -9 - -
Bisphenol A AUNPS/GCE DPV 5.1x10° - 5.5x10 1.1x10 Plastic and milk [105]
Cr(v1) CS-1IPs DPV 109 - 105 6.4x1010 Tap Wa\f\f;tzpd VT 1106]
Bisphenol A MIC/Au SWV 107-102 0.67x10°2! Plastic bottles 1,

for drinking water
CS-CNT- . 5 .

Catechol AUNPS/BDD cv 75x10°-0.001 3.7x10 Red wine [95]
L-dopa GR-MIPSIGCE ~ DPV 4x107 - 10 1.2x10° Tabletand Human .y

blood serum

EQCM/DP 5 104 1.5x10 (EQCM), Human blood
Aspartame CSNP-rGO v 10~-10 2.3x107(DPV) plasma [98]
cu(ily CS-GO/GCE ~ DPASV 5x107-x10 4 0.15 10 Tap azgr;m‘zrswater [99]
Glyphosate CS-S04#/Au EIS 1.83x10%2-2.9x107 5.9x101 River water [107]

Soybean sprout,
i . . MIP-MWCNT- 10102 12 mung bean sprout,
6-Benzylaminopurine SNS,/GCE DPV 101°-10 50%10 potato, tomato, pear, [96]
and apple
MIP- 2x1079- 2x107, 2x10°6 - o
Tryptophan MWCNTS/GCE SDLSV 10 10% - 10 1x10 Human serum [108]
. 5x10°-2x10 7, 9 L

Bisphenol A CS-AB/GCE SWvV Ex107 - 10 2x10 Drinking water [29]

Au gold electrode, CS chitosan, MWCNTs multi-walled carbon nanotubes, AuNPs gold nanoparticles, GR reduced graphene,
CNT carbon nano- tubes, GCE glassy carbon electrode, GO graphene oxide, I1Ps ions imprinted polymers, MIC molecularly
imprinted chitosan, MIPs molecularly imprinted polymers, BDD boron doped diamond electrode, AB acetylene black, rGO
reduced graphene oxide, CSNP chitosan nanoparticle, DPV differential pulse voltammetry, CV cyclic voltammetry, SWV
square wave voltammetry, EIS electrochemical impedance spectroscopy, EQCM electrochemical quartz crystal
microbalance, SDLSV second-order derivative linear sweep voltammetry.

6. Conclusions and future prospects

According to the results reported above, chitosan is considered an excellent candidate for the
development of the electrochemical sensors and biosensors. Indeed, the combination of chitosan with
nanoparticles and conductive polymers have provided a sensitive determination of the analytes regarding
their high surface area and high electron transfer. Also, chitosan has proven its efficiency to be employed
as an immobilization platform for biomolecules using covalent, electrostatic, or entrapment approaches.
Moreover, the molecularly imprinted chitosan-based electrochemical sensors have shown good stability,
reproducibility, and high sensitivity towards several types of analytes.

Recent trends imply the application of nanoparticles of chitosan for the development of biosensors in
order to increase the specific surface area as well as the number of free amine functions responsible for

the immobilization of biomolecules. Also, the modification of nanoparticles such as carbon nanotubes
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and gold nanoparticles by chitosan will provide novel nanocomposites. These latter will possess amine

and hydroxyl groups capable to immobilize several types of biomolecules and also, they will exhibit a

good conductivity and a large specific surface area. Thanks to their properties, these nanocomposites

will be excellent candidates for the development of sensors and biosensors.
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