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ABSTRACT 12 
Despite the enormous development of instruments for analyzing a wide variety of compounds, applied in different fields such as 13 
health, environment or quality control, the demand for increasingly sensitive and selective techniques continues to grow. In this 14 
regard, efforts have been made to highlight more appropriate techniques. Electrochemical sensors based on molecularly imprinted 15 
polymers (MIPs) offer an interesting alternative since they allow reaching high sensitivity and selectivity and they are inexpensive 16 
and easily adaptable to miniaturization. The choice of the functional monomer in the synthesis of MIPs is based on its capacity to 17 
provide complementary interactions with the target molecules. The various excellent properties of chitosan, as a biosourced polymer, 18 
make it a promising alternative to conventional functional monomers. This review reports on the principle of the MIPs technique 19 
describing the different possible approaches in their synthesis. It aims to provide an overview of the value of using chitosan as a 20 
functional monomer by highlighting its applications in electrochemical sensors. 21 
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 23 

Introduction 24 

Conventional analytical techniques (chromatography, Nuclear Magnetic Resonance (NMR), mass spectrometry (MS), etc.) used for 25 
monitoring in different fields such as medicine, clinical biology, the food industry and the quality control of our environment (monitoring 26 
industrial or domestic discharges) are generally complex, expensive, bulky and often difficult and time-consuming to implement, and 27 
they require highly qualified personnel. In addition, conventional procedures consist in taking samples from the monitored 28 
environments and analyzing them in the laboratory. The steps of sample preparation, incubation, and processing of results often 29 
greatly increase the total analysis time [1]. In order to carry out these analyses, there is a need to set up rapid, simple, inexpensive, 30 
selective techniques and to design compact monitoring tools operating on site, in real time. 31 

Among the devices capable of responding to this demand, sensors present the essential function of detection or even quantification 32 
of a physical, biological or even of a chemical phenomenon in a measurable signal and directly usable by humans. Electrochemical 33 
sensors are a promising choice because of their simplicity, sensitivity, ease of implementation and generally low measurement costs, 34 
but also for their varied applications in the field of health, of the environment or of quality control of food products. Electrochemical 35 
sensors are based on different electrochemical techniques: potentiometry, voltammetry, amperometry, impedimetry [2]. 36 

Biological elements (antibodies, enzymes, microorganisms, DNA, etc.) are generally used for recognition in order to increase 37 
sensitivity and specificity, which are generally lacking in chemical sensors. However, as they are biomolecules, their use is limited to 38 
mild conditions of pH, temperature and nature of the medium in order to avoid denaturating the protein. In addition, using these 39 
biological elements is not so simple. Sourcing them and immobilizing them on the electrode surface require considerable skill [3,4]. 40 

Due to the need to overcome these limitations, an alternative has been developed which consists of using molecularly imprinted 41 
polymers (MIPs). MIPs have been used as an artificial recognition material whose binding site size and shape are complementary to 42 
the template molecules for their specific recognition. This approach was established in 1972 by Wulff and Sarhan [5]. To generate 43 
MIPs with selective cavities, a monomer is simply polymerized in the presence of the target molecule and a crosslinking agent leading 44 
to the formation of a highly cross-linked functional monomer/template complex. The formation of the complex has been theoretically 45 
studied in several articles [6,7]. Cavities specific to the target molecule are then obtained after extracting the template from the 46 
polymer. Template/monomer and crosslinking agent/monomer ratios play an important role in the synthesis of MIPs improving the 47 
efficiency [8,9]. MIPs are characterized by very interesting properties such as physical resistance, robustness, resistance to high 48 
pressures and temperatures and high inertia towards various chemicals [10], and are produced at low cost. In addition, MIPs have a 49 
high affinity and selectivity towards target molecules; they are comparable to natural receptors [11]. MIPs are widely used in various 50 
fields, such as liquid chromatography, capillary electrochromatography, solid phase extraction, therapy, preparation of artificial 51 
antibodies and enzymes, catalysts and syntheses, sensors, etc. [12,13].  52 

The choice of the functional monomer in the synthesis of MIPs is a primordial step given its capacity to provide complementary 53 
interactions with the matrix molecules [14]. Chitosan (CS) is a natural polysaccharide obtained by deacetylation of chitin which is the 54 



 

most abundant non-toxic, biodegradable and biocompatible natural amino polysaccharide [15]. Chitosan has three types of reactive 55 
functional groups, one amine group and two primary and secondary hydroxyl groups. This structure thus allows numerous chemical 56 
modifications, and can support a succession of chemical reactions such as the reaction with aldehydes and acetones, grafting, H 57 
bond with polar atoms, crosslinking, etc. The functional properties of chitosan films can be improved when combined with other 58 
materials [16]. Due to the positive charges on its amine groups, the cationic biopolymer can interact with anionic molecules. These 59 
unique properties make CS suitable for a wide range of applications in the food, cosmetic and pharmaceutical, sensor and biosensor 60 
fields [17,18]. The presence of reactive functional groups on the polysaccharide chain of CS gives it flexibility, excellent film-forming 61 
capacity, good adhesion, biocompatibility, high mechanical resistance, the possibility of undergoing structural modifications, which 62 
makes it suitable for preparing MIPs and building electrochemical sensors [19,20]. It is well known that the behavior of chitosan can 63 
be affected by several parameters such as pH and humidity [21,22]. Treatment of chitosan with crosslinking agents or by chemical 64 
modification are common strategies to improve its physico-chemical characteristics [23]. Chitosan has been used to make 65 
membranes, thin films and three-dimensional structures. These forms are obtained by different methods such as electrodeposition 66 
[24] and drop-coating [25]. Electrodeposition is very convenient because it is a simple, fast and low-cost technique, but also it makes 67 
it possible to obtain controlled films [26].  68 

This review describes the principle of MIPs and the approaches used to synthesize them emphasizing the different criteria for 69 
choosing the reagents and the limitations of this technique. In addition, it accounts for the advantage of using chitosan as a functional 70 
monomer by highlighting its applications in electrochemical sensors. 71 

 72 
I. Natural origin of chitosan  73 

 74 
I.1. Structure and sources of Chitin 75 

Chitin, first identified in 1884, is the second most abundant biopolymer in nature after cellulose. Its chemical structure consists of N-76 
acetylglucosamine units. Chitin’s physical structure includes three allomorphs, due to the arrangement of macromolecular chains, α, 77 
β and γ-chitin (figure 1). α-chitin is one of the most abundant allomorphs in which polymer chains are arranged in the same direction 78 
and parallel. β-chitin is less frequent in nature and presents anti-parallel chains. The γ-chitin, according to the studies, is a variant of 79 
the α or β- family [27].  80 
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Figure 1: Allomorph types of chitin. 90 

 91 

Chitin is present in co-products in the form of chitin-proteins-calcium carbonate complexes [15]. Chitin can be obtained from various 92 
sources (Table 1), it is mainly found in exoskeletons, mollusks and various microorganisms [15,28]. 93 

 94 
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Table 1: Main sources of chitin. 96 

α-chitin  β-chitin 

Fungi, yeast cell walls, krill, lobster , crab, tendons, 
shrimp shells, insect cuticle.    

 

Squid pens, tube synthesized by pogonophoran and 
vestimentifera worms, lorica built by some seaweeds 

 97 

I.2. Extraction of chitin 98 

Usually, two types of extraction process are used to obtain pure chitin: chemical and biological methods (Fig.2). Chemical extraction 99 
is based on three stages; between these different stages, washing operations are necessary [27].  100 

Ø Demineralization: by hydrochloric acid to eliminate minerals. This consists in the elimination of the calcium carbonate and 101 
calcium chloride. 102 

Ø Deproteinization: by sodium hydroxide to eliminate proteins. 103 
Ø Bleaching: by sodium hypochlorite to remove pigments.   104 

Biological treatments offer an alternative way to extract chitin, to avoid acidic and alkaline treatments. Lactic acid-producing bacteria 105 
and proteases from bacteria have been used for the demineralization and deproteinization steps respectively [29]. Chitin is highly 106 
hydrophobic and insoluble in water and most organic solvents are due to the presence of acetyl groups [15], so it can be used in 107 
more applications when transformed into chitosan. 108 

I.3. Deacetylation of chitin 109 

The deacetylation step consists in converting chitin to chitosan by the removal of acetyl groups and leads to partial deacetylation. 110 
The border between chitin and chitosan corresponds to a degree of deacetylation (DD). This makes the degree of deacetylation an 111 
important property in the production of chitosan since it determines the free amino groups in the polysaccharides. Indeed, it affects 112 
the physicochemical properties and thus determines its appropriate applications. DD is an important criterion for distinguishing 113 
between chitin and chitosan, defined as the fraction of glucosamine /N-acetyl glucosamine: note that: 114 

Ø for a DD <60%, the polymer is named chitin. 115 
Ø for a DD> 60%, the polymer is named chitosan [30]. 116 

The degree of acetylation controls the proportion of amine and acetyl groups in the carbonic chain and is directly related to the 117 
solubility and acid-base behavior of the polymer [31]. Many methods have been developed to determine DD, such as the 118 
conductimetric assay [32,33], potentiometric titration [34], UV spectroscopy, IR spectroscopy, 1H NMR spectroscopy, HPLC analysis 119 
[35], etc. Deacetylation can occur either chemically or enzymatically.  120 

- Chemical deacetylation  121 

Sodium or potassium hydroxides are usually used at high temperature [27]. The alkaline treatment can be repeated to achieve 122 
complete deacetylation [36].  It has been reported that the DD can be affected by temperature, processing time and alkali 123 
concentration. Chemical deacetylation is used more commonly because of its low cost; however, the negative points are high energy 124 
cost, waste of concentrated alkaline solution which leads to an increase in environmental pollution, the fact that it is not easily 125 
controlled and lead to a broad and heterogeneous range of products [37].  126 

- Enzymatic deacetylation 127 

Chitin deacetylase for the preparation of chitosan polymers is used. It partially catalyses the hydrolysis of N-acetamido bonds in chitin 128 
to produce chitosan [37,38]. Enzymatic deacetylation is a sustainable process and offers the possibility of controlling and predicting 129 
the bioactivities of chitosan. Therefore, the resulting chitosan has a more regular deacetylation pattern than a chitosan treated with 130 
hot alkali [39,40]. 131 



 

 132 

Figure 2: Preparation of chitin and chitosan from raw material 133 

 134 

II. Properties of chitosan 135 
 136 

II.1. Structure 137 

Chitosan (CS) is the name given to chitin after the deacetylation process (Figure 2). CS is an amino sugar with a molar mass of 179 138 
g/mol glucosamine. It is a family of linear polysaccharides with a molar fraction DD of D-glucosamine and a fraction (1-DD) of N-139 
acetylglucosamine [28]. Chitosan is thus considered as a copolymer with three types of reactive functional groups, a primary amino 140 
group, and one primary and two secondary hydroxyl groups (one primary amine group (C2)  and two hydroxyl groups (C3, C6) per-141 
repeat unit)  (figure 3)  142 

 143 



 

 144 

Figure 3: Structure of D-glucosamine 145 

 146 

Chitosan is considered as a strongly basic polysaccharide. This polymer has multiple physical and chemical properties that make it 147 
a credible candidate for many applications including foods [41], pharmaceutical and biomedical [42], cosmetics, textile and agricultural 148 
[43], treatment of water and wastewater [44], etc.  149 

II.2. Molecular weight (Mw), Viscosity and crystallinity of chitosan 150 

Molecular weight (MW) is one of the most fundamental parameters in the characterization of a polymer. Chitosan is a high molecular 151 
weight biopolymer. For a commercial product Mw is 100 to 1200 kilodaltons (kDa); the latter varies according to the sources of raw 152 
materials and the method of preparation. The molecular weight of chitosan is an important characteristic influencing the rheological 153 
properties of the solutions and therefore their conditions of implementation. High molecular weight CS usually gives very viscous 154 
solutions. The determination of Mw can be done by light scattering measurements and viscometry [45,46] or by steric exclusion 155 
chromatography [47]. 156 

Viscosity is one of the most important characteristics of chitosan. The viscosity depends on the DD, Mw and also on the pH value 157 
because these parameters determine the charge density on the polymer chain. The structure of the macromolecules is very extensive 158 
when the charge density is high due to the charge repulsion phenomenon, so viscosity is then hight. On the other hand, when the 159 
polymer is poorly ionized, the macromolecular chains are in the form of statistical balls characterized by low viscosity. As with other 160 
polysaccharides, viscosity drops when the temperature increases [48]. 161 
 162 
Crystallinity is also an important parameter because it allows the control of a certain number of properties such as the accessibility 163 
of internal sites in the macromolecular chains, the swelling properties in water or even the diffusional properties. Chitosan is generally 164 
a semi-crystalline material. The crystallinity is usually determined by X-ray diffraction or by NMR [15].  165 
 166 

II.3. Properties of chitosan 167 

Chitosan is a strongly basic polysaccharide, with a cationic character in an acid medium. It is anyway the only water-soluble cationic 168 
polyelectrolyte of natural origin [48]. CS is a hydrophilic biopolymer and a very polar molecule; this property is due to the presence 169 
of numerous hydroxyl and amine groups at the level of the glucosamine units. 170 
 171 
It is interesting to note that chitosan is a polycationic polymer having one NH2 group and two OH groups on each glucosamine. These 172 
three groups are very reactive and are very important with respect to the properties of the polymer. The strong functionality of chitosan 173 
gives it a considerable opportunity for chemical modification [49].  The amino groups form a specific binding platform with other 174 
groups external to the polymer, which is an important biofabrication feature [50]. They may cause chemical reactions such as 175 
alkylation, quaternization, reacting with aldehydes and ketones, grafting, etc [29].  176 
 177 
On the other hand, hydroxyl groups give some flexibility to the material and are also responsible for modifying its biological and 178 
physical properties [50]. The hydroxyl functionality also leads to some reactions like o-acetylation, H-bonding with polar atoms, cross-179 
linking, grafting, etc. [29]. 180 

In contrast to chitin, the presence of free amine groups along the chitosan chain allows this macromolecule to dissolve in diluted 181 
aqueous acidic solvents due to the protonation of these groups, and convert into the ionizable soluble R-NH3+ form [27,51]. This 182 
exceptional peculiarity of being positively charged, allows chitosan to react with negatively charged compounds and to fix them solidly 183 
by ionic bonds, and gives it very numerous properties, such as strong electrostatic interaction, the possibility of hydrogen bonds 184 
formation due to the functional groups and the chain flexibility [51].  185 



 

Chitosan can interact with other chemical substances (ions, molecules, macromolecules) thanks to its particular chemical structure 186 
which makes it possible to glimpse capacities to interact, complex or absorb [52]. Chitosan can link functional derivatives on the 187 
macromolecular chains either by covalent, semi-covalent or non-covalent bonds (Figure 4). 188 

 189 

Figure 4: Different approaches to complexing chitosan. 190 

At a pH < pKa, the amino functions of glucosamine are protonated. These can then develop ionic interactions such as the fixation of 191 
metallic anions, anionic dyes, and adhesion to negatively charged surfaces. These interactions also give to chitosan an excellent 192 
film-forming property [53]. At a basic pH, the amine functions are not in ionized form and can then form hydrogen bonds or covalent 193 
amide or imine bonds with activated carboxylic acids and aldehydes, respectively. Concerning the semi-covalent approach, the amine 194 
groups are positively charged for pH values < 6.5 and can form ionic bonds with the carboxylic acid groups [54]. The alcohol functions 195 
of glucosamine can mainly develop hydrogen bonds or covalent bonds. To develop each of these approaches, it was necessary to 196 
take into account the acid-base constraints of glucosamine allowing the establishment of these specific bonds. 197 

Also, these reactive groups offer to chitosan polymers many advantages and relevant  properties (e.g. mucoadhesive properties, 198 
absorption enhancer) ;  they are easily processed into gels, films, membranes, nanofibers and nanofibrils, scaffolds, beads, sponge 199 
forms, microparticles and nanoparticles [29,49]. In addition, chitosan possesses many more properties such as biocompatibility, 200 
biodegradability, low toxicity and good antimicrobial and antioxidant activities leading to numerous applications [28]. Table 2 201 
summarizes the main properties of chitosan [28,52].  202 

Table 2: Properties of chitosan 203 

Physical and chemical properties Biological properties 

Linear amino polysaccharide 

Reactive amino and hydroxyl groups  

Chelates many transitional metal ions 

Rigid D-glucosamine structure     

High hydrophilicity, crystallinity      

Deprotonated amino group        

Form hydrogen bonds intermolecularly   

High viscosity 

Soluble in water and organic solvents 

Soluble in dilute aqueous acidic solutions 

Polyelectrolytes (at acidic pH)  

Biocompatibility  

Natural polymer   

Bioadhesivity 

Bioactivity 

 Nontoxic  

Biodegradability 

Antimicrobial activity 

Antioxidant activity 

Antiacid, antiulcer and antitumoral  

Blood anticoagulants 

Hypolipidemic activity 



 

Flocculating agent 

Entrapment, filtration, separation and adsorption 
properties                                                                                                                                                                                                                                                                                                        

Renewable 

Film forming ability                                                                                                                   

Hydrating agent   

 204 

II.4. Chitosan solubility 205 

Chitin is insoluble in many organic solvents due to the presence of acetyl group with a hydrophobic nature [55]. Chitosan is the only 206 
commercial water-soluble cationic biopolymer and it is soluble in dilute acidic solutions at pH values above 6.5 but insoluble in neutral 207 
and alkaline aqueous solutions [43,55]. Table 3, shows some solutions used for the solubilization of chitosan.  208 

Table 3: Some solutions used for the solubilization of chitosan   209 

Soluble Insoluble 

Acetic acid 1% [36]                                                                                                    

Formic acid 0.2-100% [36]                                                      

Hydrochloric acid 1% [36] 

Dilute nitric, succinic, lactic and malic acids [43] 

Water [56] 

Sulfuric and phosphoric acids  [36]                             

Any neutral and alkaline pH aqueous solutions [43] 

 

 210 

One of the most important properties of this polymer is the presence of the amine group with a pKa value of 6.5 in the carbonic chain. 211 
With this termination, chitosan indeed has an acid-base behavior in solution, as shown in Figure 5. It is reported that the pKa value 212 
increases with the ionic strength, thus widening the pH range in which chitosan is soluble [57].  213 

 214 

Figure 5: Behavior of chitosan according to the pH of the solution 215 

 216 

So, at pH <pKa the amino groups are positively charged which makes the chitosan a water-soluble cationic polyelectrolyte, and at 217 
pH> pKa the biopolymer loses its charge and becomes insoluble [36]. Indeed, at low pH, the chain is polycationic. Repulsive 218 
electrostatic forces prevent the monomer associations which make chitosan soluble in solution. When pH increases, the chitosan 219 
loses its positive charge, the balance between the forces of attraction and repulsion is then disturbed [31,58]. As discussed previously, 220 
the solubility of chitosan in acidic medium is explained by the cationic character of its amine functions when they are protonated 221 
providing sufficient electrostatic energy to break the numerous hydrogen bonds and considerably improve the hydration of the chains. 222 
Therefore, the solubility of chitosan also depends on the distribution of the acetyl groups along the biopolymer chain and the DD 223 
value. 224 
 225 

II.5. Chitosan stability  226 

Chitosan is very sensitive to different experimental parameters that affect its stability; degree of deacetylation, molecular weight, 227 
polymer concentration, type of acid and its concentration are parameters to take into account in the experiments [57].  228 

- Temperature and pH effect 229 

The main factors affecting the behavior of CS and its physical properties are pH and temperature.  pH affect the polymer properties 230 
due to the protonation and deprotonation of the amino groups [59]. High temperature (>500 °K) may cause thermal degradation of 231 
CS [60]. Also, it has been reported that heat treatment can change the way the chains of the polymer react; this is attributed to the 232 
influence of the ionic association of amine groups with alkanoic acids, such as formic, acetic, propionic, and butyric acid [61,62]. The 233 
mechanism may involve an initial depolymerization followed by interchain cross-linking when the amount of heat assimilated is 234 
sufficiently high [63]. 235 



 

 236 
- Humidity effect 237 

Humidity is one of the factors affecting the behavior of chitosan. Studies show that exposing thin layers of chitosan to moist air causes 238 
considerable swelling of the film. After heating and then cooling to the ambient temperature of these layers, a dramatic decrease in 239 
thickness is recorded. These changes are not due to the oxidation or the thermal degradation of the films but it is suggested that the 240 
heating irreversibly releases the trapped water [64]. 241 

Furthermore, studies on chitosan-based sensors show that, probably, in an airy medium, oxygen molecules are chemically absorbed 242 
by chitosan (Equation 1). Once the film is subjected to a potential, the absorbed oxygen molecules react with the free electrons 243 
forming ionic species such as O2- and O- (Equation 2-3), causing an increase in resistance to charge transfer until the oxygen 244 
molecules are saturated. In the presence of water, the molecules in contact with chitosan react with O- to produce O2 and release 245 
the electrons participating in the modification of the response of the sensor (Equation 4). 246 

O2                    O2 (absorbed)                                                                                                                                                              (1) 247 

O2 (absorbed) + e-                 O2-                                                                                                                                                         (2) 248 

O2- + e-                  2O-                                                                                                                                                                         (3) 249 

CS-NH2 + 2O- + H2O                   CS-NH2 + O2 + H2O + 2e-                                                                                                                (4) 250 

In addition to reacting with O-, bonds can be formed between the oxygen of the water molecules and the hydrogen of the amino 251 
groups of chitosan (Fig.6). These connections act as electrical bridges creating a surface tension facilitating the movement of the 252 
electrons [21].  253 

 254 

Figure 6: Formation of hydrogen bridges by reaction between water molecules and CS amino groups [21] 255 

II.6. Chemical modification of chitosan 256 

Chitosan, by its hydroxyl functions and its primary amine, offers multiple possibilities of chemical functionalization, and allows easy 257 
modifications including N substitution, O substitution and free radical graft copolymerization. These modifications have been proposed 258 
in order to improve the intrinsic properties of CS (pore size, mechanical strength, chemical stability, hydrophilicity and also 259 
biocompatibility) or to give new properties [65].  260 

Chemical crosslinking is used to improve the stability and compatibility of chitosan and enhance its mechanical properties. Amine 261 
and hydroxyl active groups on the biopolymer chain allow reactions with some chemical agents while undergoing structural changes. 262 
These modifications are due to the creation of covalent bonds, -OH is more likely to participate in a nucleophilic reaction than amine 263 
because of the stronger electronegativity of oxygen [66,67]. Several crosslinking agents have been established with chitosan (figure 264 
7) including glutaraldehyde and glyoxal [68], N,N’-methylenebisacrylamide, 2-(chloromethyle) thiirane, ethylene glycol diglycidyl, 265 



 

sulfuric acid [66], genipin [69], sodium tripolyphosphate [70], (3-glycidoxypropyl)trimethoxysilane [71], diisocyanates and 266 
epichlorhydrin [72].  267 

The chemical modification of the polymer makes it possible to modify its physical and chemical properties. Many modifications are 268 
possible, in particular the grafting on the amine function of various chemical groups. The primary amine comprising a non-binding 269 
doublet is a good nucleophile that will allow nucleophilic addition/elimination reactions on electrophilic carbons such as aldehydes, 270 
ketones and carboxylic acid.  271 

Many studies have examined the modification of chitosan. Chitosan has in particular been functionalized with benzaldehyde [73], 4-272 
nitrobenzoyl chloride  and with glutaraldehyde [74], a compound having two aldehyde functions making it possible to create a covalent 273 
bridge between chitosan and DNA fragments [26] or enzymes [75]. 274 
 275 
A widely used synthetic route for the biofunctionalization of chitosan is by forming an amide bond between the primary amine of 276 
chitosan and the carboxylic acid function of the biomolecule to be fixed. This bond is difficult to implement and requires the prior 277 
activation of the carboxylic acid function carried out by the 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide 278 
(EDC/NHS) pair. This (non-detailed) activation mechanism consists of forming an intermediate ester between NHS and the carboxylic 279 
function [76].  280 
 281 

 282 

Figure 7: Different types of crosslinking agents for chitosan 283 

II.7.  Conclusion 284 

As presented in this part, chitosan is an abundant biosourced polymer, presenting functional groups that can be easily chemically 285 
modified. It is soluble in aqueous solutions and it is well known to preserve the activity of biological molecules such as proteins [15]. 286 
Most of the template molecules are soluble in aqueous media, then these properties of chitosan are of interest for the preparation of 287 
molecule template-polymer complex. The classical monomers used for MIP preparation, mainly vinylic and acrylic ones [11] are not 288 
soluble in aqueous solution. This point could be deleterious for some template molecules such as peptides and proteins. Due to its 289 
natural origin, chitosan is biodegradable, which is not the case of classical monomers that are not compatible with circular economy. 290 

 291 

III. MIPs as recognition elements in electrochemical sensors  292 
 293 

III.1. General principle of MIPs 294 

The molecular imprinting technique illustrated in Figure 8 makes it possible to prepare polymers capable of selectively recognizing a 295 
chosen molecule(s) commonly called target molecule(s) or template(s). 296 



 

 297 

 298 
Figure 8: Schematic of molecularly imprinted polymers for two different templates. 299 

 step1: Pre-polymerization. Step 2: Polymerization and cross-linking. Step 3: Removal of template. Step4: Recognition  300 
 301 

Molecularly imprinted polymers (MIPs) are artificial receptors prepared with a template, functional monomer and cross-linking agent. 302 
The functional monomer interacts with the template forming a complex called “pre-polymerization complex”. In the presence of a 303 
crosslinking agent, the complex is copolymerized in order to obtain a crosslinked polymer. After polymerization, the groups of 304 
functional polymers are held in position to form a cast-type shell. The last step is then to extract the target molecules from the polymer. 305 
Template molecules are removed by electrochemical or chemical extraction to disrupt the interactions between the template and the 306 
monomers [77,78]. In essence, synthetic polymeric materials with specific recognition sites, complementary in shape, size and 307 
functional groups to the template molecule are formed, through an interaction mechanism based on molecular recognition.  308 

III.2. Response of MIPs electrochemical sensor  309 

For a sensor to be effective, it must generate a measurable, and if possible quantifiable, physical signal during the interaction between 310 
the target molecule and the MIPs (Figure 9). 311 

 312 

Figure 9: Electrochemical response of MIPs sensor. 313 

 314 



 

Selectivity, sensitivity, stability, reuse, response time, etc., are the main parameters in the design of sensors based on MIPs. These 315 
parameters depend on both the properties of the MIP and its ability to interact with the analyte under the required conditions. These 316 
parameters also depend on the sensitivity of the transducer and its ability to monitor the interaction process and transform it into a 317 
measurable signal. It is therefore essential to choose not only a good combination between these two components but also the 318 
electrochemical technique used. 319 

Electrochemical measurements implemented in the case of sensors based on MIPs are very often conductimetry, potentiometry, 320 
amperometry, voltammetry and impedancemetry. Conductometric sensors are based on the measurement of the change in 321 
conductivity resulting from the recognition of the target molecules by the MIPs. A potentiometric sensor measures the potential 322 
difference between the working electrode functionalized with MIPs and a reference electrode at zero current. The signal in 323 
amperometric devices depends on the rate of charge transfer at the surface of the electrode. A voltammetric sensor measures the 324 
variation of the intensity of the current in an interval of the applied potential. The impedance measurement is based on the 325 
measurement of the variation in the charge transfer resistance of the MIPs. It is possible to link the results of the measurements to 326 
the physical and chemical properties of the MIP-template interaction, and this by modeling the response by suitable equivalent 327 
electrical circuits. 328 

The choice of measurement technique is generally guided by the electrochemical properties of the target molecule. When the target 329 
is electroactive, its presence in the medium to be analyzed will contribute to the modification of the intensity of the current; this change 330 
could be followed by amperometry or voltammetry. If the target does not present any redox properties, the presence of the target will 331 
cause a change in the MIP film, a behavior generally monitored by conductimetry or impedance. 332 

III.3. Synthesis parameters of CS-MIPs 333 
 334 

- Preparation of CS solution 335 

The most commonly used acid for dissolving chitosan is acetic acid in aqueous solution, since the films of chitosan obtained with 336 
acetic acid as solvent have properties to water [79]. Acid solutions concentrated at high temperatures can depolymerize chitosan 337 
[80], so, CS is generally prepared with diluted acid.    338 

- Template 339 

The choice of template during the synthesis of molecularly imprinted chitosan is of major importance, it must form the largest number 340 
of specific well-defined interactions. Ideally, these interactions with the monomer should be strong to ensure better effectiveness. In 341 
most studies, the molecule of interest is the template. However, for certain reasons such as rarity, high price, toxicity, difficulty in 342 
handling, etc, the target molecule may be replaced by a molecule which is structurally and chemically analogous during synthesis. 343 
For example, 2,4-dinitrotoluene (2,4-DNT) is used to form specific sites for the analysis to nitro explosives, as 2,4-DNT has a similar 344 
structure with nitro explosives [81]. However, one must be aware of the disadvantages of using a model with a structural similarity to 345 
the analyte and ensure that the matrix does not interfere in the quantification [82].  346 

The template to be used requires taking into account its structure and its functional groups, which make it possible to form bonds 347 
with active groups of chitosan throughout the formation process of the template/biopolymer complex. Likewise, the size of the 348 
template plays a role in the specificity of the cavities formed during imprinting. Indeed, for a high molecular weight template, there is 349 
a risk that the small molecules might penetrate the cavities developing non-specific interactions [83]. In addition, the larger templates 350 
are less rigid and do not facilitate the creation of well-defined cavities. Also, large molecules such as peptides and proteins do not 351 
easily penetrate the polymer network to occupy the cavities [84]. The imprinting of small molecules, like pesticides and 352 
pharmaceuticals, is well established in the synthesis of MIPs and considered routine; however the printing of much larger structures 353 
remains a challenge. 354 

- Crosslinker 355 

Crosslinking is a key step in the synthesis of MIPs. The type of crosslinking agent and its proportion relative to the amount of functional 356 
monomer are important in controlling the morphology of the polymer matrix and the selectivity of the cavities formed after the 357 
extraction of the template, they allow: 358 
 359 

ü Precise control of the imprinting of the template. 360 
ü Complementary interactions with the target. 361 
ü The mechanical stability of the imprints obtained and of the polymer. 362 
ü The formation of a rigid matrix, resistant to high temperature and pressure conditions and inert towards acids and bases 363 

[85].  364 
 365 

For a MIPs synthesized in a polar solvent, it is important to choose a hydrophilic crosslinker to facilitate contact with the surface of 366 
the polymer. Also, the use of MIPs crosslinked with a hydrophobic agent remains unstable in aqueous media. 367 
 368 
To crosslink the chitosan used in sensors based on MIPs, two methods are used; either the crosslinking agent is mixed with the 369 
template/polymer complex before deposition on the working electrode surface; in this case the crosslinking agent/functional monomer 370 



 

ratio is very important [86]. The second method is based on the deposition of the template/polymer complex on the electrode and 371 
then impregnating the modified electrode in the cross-linker solution. Here, the concentration of the crosslinking solution and contact 372 
time define the properties of the prepared MIPs [87].  373 

 374 

III.4. Principle of the electrodeposition of chitosan 375 

The ability to create devices like sensors and biosensors requires easy methods to precisely control surfaces. A variety of techniques 376 
can be used to produce the desired structures. The integration of a chitosan-MIP with the transducer area is a crucial step in the 377 
fabrication of the sensor. The biopolymer material must adhere well to this surface without dispersing or detaching under any 378 
conditions. The properties of chitosan have been used to make membranes, thin films and three-dimensional structures by various 379 
methods such as drop coating [88],  microcontact, complexation with anionic polyelectrolytes [26]. 380 
  381 
The pH-sensitive solubility and properties of chitosan have also been used to make membranes, thin films and three-dimensional 382 
structures. Chitosan changes from a soluble state in acid solution to a precipitated hydrogel state when the pH of the solution 383 
increases. CS can be easily poured, producing membranes and films which can be converted into insoluble networks by 384 
neutralization. The cast chitosan membranes/films can be made insoluble over the entire pH range by covalently crosslinking the 385 
chitosan chains by amide and imine interactions. 386 

Electroaddressing is used for the deposition of chitosan in the field of electrochemical sensors; it consists in applying a cathodic 387 
voltage to the surface of an electrode. Electrodeposition has the advantage of being a simple, fast and low cost technique. It is an in 388 
situ process that combines precipitation and immobilization. The electrodeposition of chitosan makes it possible to obtain very porous 389 
films in a spatially selective and modeled manner [89]. This technique has been used successfully to deposit chitosan films on 390 
conductive electrodes [90,91]. More specifically, the chitosan can be electrodeposited on the surface of a cathode by the mechanism 391 
illustrated in the figure 10. 392 

 393 

Figure 10: chitosan electrodeposition mechanism 394 

Local pH is increased, close to the cathode surface, due to the electrochemical reduction of water, according to the following reaction:  395 

2 H2O + 2 e-                    H2  + 2 OH-                                                                                                                                                    (5) 396 

The pH varies as a function of the relative rates of hydroxyl ion generation and hydroxyl ion diffusion from the interfacial region. The 397 
hydroxyl ions generated are adjusted by the voltage applied to the surface of the electrode. In the presence of the slightly acidic 398 
solution of chitosan, a pH gradient is established in the vicinity of the surface of the cathode. In localized regions with a high pH above 399 
6.5 the chitosan is deprotonated and becomes insoluble. Depending on the conditions, this causes precipitation of the polymer and 400 
the formation of a homogeneous membrane on the surface of the cathode [91]. A pH gradient near the electrode allows the 401 
precipitation of chitosan during the application of the potential, pH 5 being considered as the optimal pH of the electrodeposition. 402 

III.5. Chitosan electrodeposition techniques 403 



 

The two most commonly used techniques for the electrodeposition of chitosan are cyclic voltammetry (CV) and chronoamperometry 404 
(CA). 405 

a- Electrodeposition by CV 406 

Figure 11 shows the electrodeposition voltammograms of chitosan on gold macroelectrodes at pH 5 [92]. A CV of the chitosan solution 407 
prepared in 0.1M acetic acid was carried out with a potential varying between -1.5 V and 0.5 V at a scan rate of 80 mV/s. There is a 408 
cathodic peak characterizing the electrodeposition of the polymer. The peak intensity gradually decreases according to the scan 409 
number, a sign of precipitation of the polymer on the surface of the electrode. Beyond a few scans, the intensity of the peak does not 410 
vary, which makes it possible to fix the number of scans. This test shows that a constant voltage between -1.3V and -1.1V is optimal 411 
for chronoamperometry deposition, preventing an excessive yield of hydrogen gas affecting the deposition and adherence of the 412 
polymer. 413 

 414 

Figure 11: CV of electrodeposition of chitosan on gold microelectrode at pH 5 and a scan rate of 80 mV/s. 415 

 416 

b- Electrodeposition by CA 417 

Figure 12 shows the curves obtained during the electrodeposition of chitosan by CA on gold macroelectrodes at pH 5 and an applied 418 
voltage of -1.1V [93].  After a decrease in the negative current, a plateau is observed, a sign that the reaction by diffusion of H+ at the 419 
surface of the electrode has been limited. The formation of this plateau indicates the effective deposition of the polymer, which makes 420 
it possible to optimize the time of the electrodeposition. 421 
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 422 

Figure 12: CA of electrodeposition of chitosan on gold microelectrode area at pH 5 and potential of -1.1 V. 423 

 424 

Chitosan can be deposited in a controllable manner. The thickness of the electrodeposited chitosan film can vary as a function of the 425 
pH of the solution and electrochemical deposition conditions such as the time and the potential applied for the CA, the potential 426 
interval, the number of cycles and the scan rate for CV.  427 

III.6. Removal of the template 428 

The last step in the MIP process is to extract the target molecules from the biopolymer. Extraction of the imprinted model is an 429 
important step in the manufacture of MIPs, and for this purpose, numerous protocols have been established. The choice of procedure 430 
must take into account the efficiency of the extraction while maintaining the structure without causing any degradation of the matrix 431 
(by solvent, temperature, etc.). 432 
 433 
Templates are removed from the MIPs by electrochemical or chemical extraction, allowing disturbance of the interactions of the 434 
prepolymerization complex. Indeed, non-covalent interactions such as hydrogen interactions can be "broken" by washing with 435 
solutions of different pH [94]. 436 
 437 
However, this step does not lead to the complete extraction of the template from the polymer; more than 1% of the template used 438 
during the synthesis of MIPs remains bonded to the polymer even after intensive washing [95]. As a result, not only is there a decrease 439 
in active sites, but also large dosing errors can then occur due to the slow release of the remaining molecules when using MIPs [82].  440 

III.7. MIPs electrochemical sensors based on chitosan  441 

Due to its macromolecular structure (carrying an excess of amine and hydroxyl groups), its physico-chemical and biological 442 
properties, the use of chitosan in molecularly imprinted polymers has attracted considerable attention. The fact that chitosan has an 443 
affinity for various compounds and the possibility of complexing the template or of undergoing chemical modifications by means of 444 
different approaches (non-covalent, semi-covalent, covalent) can be easily exploited for the construction of MIPs. 445 

Due to its relevant structural benefits of being easily transformed into gels, films, membranes, nanofibers and nanofibrils, scaffolds, 446 
beads, sponge forms, microparticles and nanoparticles, molecular imprinted chitosan is widely used in various applications  such as 447 
solid-phase extraction [19], selective separation of proteins [96], therapeutic studies [97,98], sensors [99], etc. The properties of MIPs 448 
such as specificity and high stability, compatibility with microfabrication technology and low cost make them promising alternatives to 449 
the antibodies and other natural receptors usually used [100]. 450 

Several sensors have been developed using MIPs as mentioned above such as electrochemical, colorimetric, fluorescent sensors, 451 
etc. Given the predominance of electrochemical sensors on the market due to their simplicity, sensitivity, ease of implementation and 452 
generally low measurement costs, this review will focus on the development of electrochemical sensors based on molecularly 453 
imprinted chitosan (CS -MIPs). Many successful examples of the development of electrochemical sensors based on chitosan-MIPs 454 
for different templates such as metabolites (dopamine, L-dopa, glucose, urea), pesticides (trichlorphon, glyphosate), medications 455 
(clenbuterol, epinephrine) and phenolic compounds (p-nitrophenol, 2,4,6 tribromophenol, bisphenol A, catechol), are reported in 456 
Table 4. The detected molecules generally present a molecular weight between 100 and 200 g/mol. The common characteristics of 457 
these molecules is that they present hydroxyl and amine groups in their structure. Ion-imprinted sensors based on chitosan have also 458 



 

been developed for the detection of chromium (VI), cadmium and copper, due to the ion coordination with hydroxyl and amine groups 459 
in the glucosamine units. 460 

Electrochemical sensors combined with molecularly imprinted chitosan showed good performance. The proposed sensors exhibited 461 
a good linear response towards several targets with a low detection limit, good selectivity, reproducibility, stability and reusability. 462 
The preparation procedures presented are relatively simple, convenient and provided rapid and economical methods [101–103].  463 

Pulse Differential Voltammetry (DPV) is the most used electrochemical technique in MIP-based sensors. The results obtained show 464 
low detection limits, reaching 10-12 M for the target molecule urea[104], and a slightly higher LOD in the case of dopamine (10-11M) 465 
[77]. LOD is in the order of 10-7 to 10-9M with phenolic compounds [56,78,101,105]. The majority of these sensors can be reused up 466 
to 9 or 10 times [78,102–104,106], and others less for example 5 times with the target molecules 2,4,6-tribromophenol [105] and 467 
copper ions [107].  468 

CA and CV are used in several studies. The detection limits are between 10-5 and 10-9 M [24,25,108,109]. Some sensors have been 469 
regenerated 9 times [108,110], and others less, for example 7 times in the case of bisphenol A [109], 3 times with catechol [24,25]. 470 
The lowest detection limit recorded is 10-21M. The technique used was Square wave voltammetry (SWV) for the detection of bisphenol 471 
A [111]. Another, of 5.9x10-18 M, has been described using electrochemical impedance spectroscopy, for the detection of glyphosate 472 
(EIS) [92]. 473 

A MIP sensor, using CV in the presence of [Fe(CN)6]3-/4- is presented by Y.-P. Chen et al (Fig.13). The electrochemical sensor was 474 
constructed based on chitosan molecularly imprinted films, which were prepared by electrodeposition of chitosan in the presence of 475 
template (urea) using CA at -1.1 V for 3 min on the Au disk electrode for the determination of urea. In order to elute the template 476 
molecules, the (urea+CS)/Au was placed in KCl solution. The sensor was characterized using CV in [Fe(CN)6]3-/4- solution to 477 
determine the urea indirectly in the range from 10-8 to 4×10-5 M with a detection limit of 5×10-9 M. The sensor offers great potential 478 
for clinical diagnosis applications [108]. 479 
 480 

 481 

Figure 13: Schematic illustration of a MIP electrochemical sensor fabrication for the detection of urea. 482 
 483 

III.8. Nanomaterial doped-CS 484 
 485 
The electrochemical performance of electrodeposited CS film on the surface of the working electrode is limited by poor electrical 486 
conductivity. Indeed, due to the high degree of crystallinity that the polymer has, conductivity is low, which hinders the redox process 487 
[25].  To overcome this problem, the use of nanomaterials with electroactive functionality is of great interest in the development of 488 
electrochemical sensors based on molecularly imprinted chitosan, due to the fact that nanomaterials can improve the electron transfer 489 
between the electrode surface and the solution, so improving the sensitivity of chitosan-based sensing material.  Nanomaterials such 490 
as gold nanoparticles [103], silver nanoparticles [86], CuCo2O4 carbon nanocomposites [112], ZnO nanoparticles [113], acetylene 491 
black [101], carbon nanotubes [25], Graphene [114], multiwalled carbon nanotubes [110] have been applied to modify electrode 492 
because of their  excellent electrocatalytic activity. 493 

An example of a chitosan-graphene based sensor is that by S. Wu et al [106] in which the fabrication process sensor is based on the 494 
electrodeposition of the chitosan-graphene nanocomposite and the template (Cr (VI)) on the Au disk electrode, for the determination 495 
of Cr (VI). The different steps for the fabrication of the MIP-based sensor are presented in Figure 14. Electrodeposition was performed 496 
using CA at −1.2 V for 180s. Glutaraldehyde was used to crosslink the chitosan-graphene-Cr (VI) film. The obtained imprinted 497 



 

electrode was successively rinsed with acetone/water to remove the template. The detection was performed using DPV in a linear 498 
range from 10−9 to 10−5 mol/L, with a low detection limit of 6.4×10−10 mol/L. The proposed sensor was successfully applied to the 499 
detection of Cr(VI) ions in tap water and river water.  500 
 501 
 502 

 503 
 504 
Figure 14: Schematic representation of the fabrication process of chitosan-graphene MIP sensor for Cr (VI) detection. 505 
 506 
 507 
In the work of A. Fatoni et al (Fig.15), a MIP sensor was prepared by dropping onto the gold rod electrode the mixture of CS, 508 
acrylamide, N,N’-methylenebisacrylamide, graphene, ferrocene and microalbumin as template. The template was removed from the 509 
modified electrode by soaking in acetic acid-sodium dodecylsulfate solution. The specific imprinted surface was used to detect 510 
microalbumin from 1.5×10-9 to 1.5×10-7 M via a redox mediator (ferrocene), entrapped in the cryogel, using differential pulse 511 
voltammetry (DPV). The limit of detection was 7.7×1013 M and the excellent performance of the biosensor was confirmed by analyzing 512 
microalbumin in urine samples [102]. 513 
 514 



 

 515 

Figure 15: Schematic representation of the fabrication process of MIP sensor chitosan grafted polyacrylamide MIP cryogel 516 
with graphene and entrapped ferrocene for the detection of microalbumin. 517 



 

 
Table 4: Electrochemical sensors based on CS-MIPs.  
Detection 

technique/ 

Electrode/ 

Supporting 

electrolyte  

Target 

molecule/ 

Template 

Composition/ 

Deposition 

technique 

Cross-linking 

 

Extraction of 

template 

Samples Linear range Limit of 

detection 

Reusability 

(cycle) 

Ref 

 

DPV/GCE/ 

PBS 

Dopamine  CS+Gr+T/ 

CA 

/ 

 

CA in KCl and 

ethanol  

Blood serum  10-9 M – 8.10-8 M 

10-7 M – 10-4 M 

10-11 M 

 

/ [77] 

DPV/IE1/ 

PBS 

Dopamine  CS+T/ 

CA 

/ KCl and ethanol PBS solution 0,51.10-6 M –  

1,95.10-3 M 

0,16. 10-6 M / [112] 

DPV/IE2/ 

PBS 

Dopamine CS+T/ 

CA 

/ KCl and ethanol PBS solution  0,12.10-9 M –  

1,52.10-4M 

0,039. 10-9 M / [113] 

DPV/GCE/ 

Sulfuric acid 

L-dopa  CS+Gr+T/ 

CA 

/ CA in KCl and 

ethanol  

Blood serum  4.10-7 M – 10-4 M 0,012. 10-6 M / [114] 

DPV/Au/ 

[Fe(CN)6]3-/4- 
Urea  CS+QDs+T/ 

CA 

/ KCl solution  Blood serum  5.10-12 M – 4.10-10 M 

5.10-10 M – 7.10-8 M 

10-12 M 10 [104] 

DPV/Au/ 

Fr 

Microalbumin  CS+AM+BAM+

Gr+Fr+T/ 

Drop-coating 

/ Acetic acid and  

Sodium 

Dodecylsulfate  

Urine samples  1,5.10-9 M –  

1,5.10-7 M 

7,7.10-13 M 9 [102] 

DPV/GCE/ 

Acetate 

buffer  

P-nitrophenol  

 

CS+PTMS+AuN

Ps+T/ 

CA 

/ CV in acetate buffer  

 

Acetate buffer 

solutions  

3.10-8 M –  

5,5.10-4 M 

 

5.10-9 M 10 [78] 

DPV/Au/ 

PBS 

2,4,6-

tribromophenol 

CS+T/ 

CV 

Sulfuric acid Sulfuric acid  Clean water  10-7 M – 10-3 M 

 

1,32.10-8 M  

 

5 [105] 

DPV/GCE/ 

PBS 

 Bisphenol A CS+AB+T/ 

Drop-coating 

Sulfuric acid Methanol and acetic 

acid  

Drinking water  5.10-9 M – 2.10-7 M 

5.10-7 M – 10-5 M 

2. 10-9 M / [101] 

DPV/GCE/ 

[Ru(NH3)6]3+/

2+ 

Trichlorphon CS+T/ 

CA 

Glutaraldehyd

e 

CA in KCl Tea sample 5.10-7 M – 10-5 M 10-7 M  / [56] 

DPV/Au/ 

PBS 

Chromium 

ions 

CS+Gr+T/ 

CA 

Glutaraldehyd

e 

ethylenediaminetetr

aacetic acid 

Tap and river 

water 

10-9 M – 10-5 M 

 

6,4.10-10 M  

 

9 [106] 

DPV/GCE/ 

HAc-NaAc 

copper ions CS+Gr+T/ 

Drop-coating 

Epichlorohydri

n 

ethylenediaminetetr

aacetic acid 

tap and river 

water 

5.10-7 M – 10-4 M 0,15.10-6 M 5 [107] 

DPV/GCE/ 

HAc-NaAc 

cadmium  ions CS+AuNPs+Gr+

T/ 

CA 

/ ethylenediaminetetr

aacetic acid 

drinking water 

and milk 

samples 

10-7 M – 9.10-7 M 1,62.10-4 M  

 

10 [103] 

CV/Au/ 

[Fe(CN)6]3-/4- 

Urea  CS+T/ 

CA 

/ KCl solution  Blood serum and 

urine 

10-8 M – 4.10-5 M 

 

5.10-9 M 9 [108] 

CV/Modified 

WGE/B-R 

Buffer 

Clenbuterol 

 

CS+Nafion+T/ 

Drop-coating 

Sulfuric acid CA in acetic acid, 

phosphoric acid and 

boric acid solution  

 Pork liver  3.10-7 M – 5.10-5 M 0,01.10-6 M  5 [86] 



 

CV/ABPE/ 

PBS 

BisphenolA CS+T/ 

Drop-coating 

Sulfuric acid Sulfuric acid  Plastic samples  8.10-8 M – 10-5 M 60.10-9 M 7 [109] 

CV/BDD/ 

PBS 

Catechol CS+AuNPs+MW

CNT+T/ 

Drop-coating 

Glutaraldehyd

e 

KCl solution wine sample 7,5.10-5 M – 10-3 M 3,7.10-5 M  3 [25] 

CV/BDD/ 

PBS 

Catechol CS+T/ 

CA 

/ KCl solution wine sample 5.10-5 M – 7,5.10-5 

M 

6,9.10-7 M 3 [24] 

SWV/Au/ 

[Fe(CN)6]3-/4- 

bisphenol A CS+T/ 

CA 

Glutaraldehyd

e 

Ethanol and acetic 

acid 

drinking water 10-3 M – 10-21 M 0,67.10-21 M 10 [111] 

LSV/ABPE/ 

PBS 

Bisphenol A CS+Gr+T/ 

Drop-coating 

Sulfuric acid CV in HCl Drinking water 

and canned 

beverages 

8.10-9 M – 10-6 M 

10-6 M – 20.10-6 M 

6.10-9 M 10 [87] 

CA/NiOE/ 

KOH 

Glucose CS+T/ 

CA 

/ water elution KOH solution 10-5 M – 20.10-5 M 2.10-6 M / [115] 

CA/IE2/ 

PBS 

Dopamine CS+T/ 

CA 

/ KCl and ethanol PBS solution  0,12. 10-9 M –  

152. 10-6 M 

0.039.10-9 M / [113] 

CA/ITO/ 

PBS 

Epinephrine CS+PIL+MWCN

T+T/ 

CA 

/ phosphate buffer 

solution 

phosphate 

buffer solution 

0,2. 10-6 M – 

0,67.10-3 M 

60.10-9 M 9 [110] 

EIS/Au/ 

[Fe(CN)6]3-/4- 

Glyphosate CS+T/ 

CV 

Sulfuric acid Ethanol and acetic 

acid  

River water 1,83. 10-15 M –  

3.10-10 M 

5,9. 10-18 M 2 [92] 

DPV: Pulse Differential Voltammetry                

CA: Chronoamperometry  

SWV: Square wave voltammetry                       

CV: Cyclic Voltammetry 

LSV:  Linear Sweep Voltammetry                       

EIS: Electrochemical Impedance Spectroscopy 

Au: Gold electrode 

GCE: Glass Carbon Electrode 
IE1: Integrated electrode CuCo2O4@carbon nanocoposites/Three-dimensional kenaf stem-derived marcoporous carbon 
IE2: Integrated electrode ZnO@carbon nanocoposites/Three-dimensional kenaf stem-derived marcoporous carbon 
Modified WGE: electrode Nano-silver/Quercetin/Working graphite 
ABPE: Acetylene Black Paste Electrode 
BDD: Bored-Doped Diamond electrode 
NiOE: Nickel Oxide Electrode 
PBS: Phosphate Buffer Solution  

B-R Buffer: Britton-Robinson Buffer 

HAc-NaAc: Acetic acid-Sodium Acetate  
T: Template 
Gr: Graphene 
QDs: Quantum Dots 
AM: Acrylamide 
BAM: N,N’-methylenebisacrylamide 



 

Fr: Ferrocene 
PTMS: Phenyltrimethoxysilane  
AuNPs: Gold Nanoparticles 
AB: Acetylene Black 
MWCNT: Multiwalled carbon nanotubes  

 
 
 



 

Conclusion and perspectives  

Molecular imprinted polymers are a very good choice which has been applied in several fields. Their relevant properties make them 
very attractive for replacing biological entities in various applications. Chitosan has been considered as an interesting biopolymer for 
the development of MIPs because of its excellent properties.  

Chitosan-MIPs have been successfully integrated into the transducer area for the development of electrochemical sensors. The 
physicochemical characteristics of chitosan have been exploited to manufacture membranes, thin films and three-dimensional 
structures by various methods. Electrodeposition is a simple, easy, fast and low-cost technique. It allows the deposition of very porous 
chitosan films in a controlled manner. 

The imprinting of small molecules like pesticides and pharmaceuticals is well established in the synthesis of MIPs and considered 
routine; however the imprinting of much larger structures remains a challenge. The behavior of chitosan is interrupted by several 
parameters which undoubtedly affects the sensitivity of the sensors developed. The properties of chitosan should allow the 
introduction of chemical modifications which can collectively lead to major performance improvements. In the future, multi-imprinting 
of several templates could be performed on the CS, which can open the door to a fascinating range of fundamental experiments.  
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