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ABSTRACT 

 

 

The combination of co-electropolymerization and molecularly imprinting technology 

provides functional materials with improved properties and can enhance the number of 

binding sites than the individual monomer. In this work, molecularly imprinted poly (aniline-

co-3,4-ethylenedioxy-thiophene) MI-P(AnEDOT) composite thin film was synthesized on 

gold electrode by using an in-situ co-electropolymerization method using salicylamide 

(SMD) as a template. The formation of the thin film was monitored and characterized by 

electrochemical methods; SWV and CV. Solvent extraction of the template generated the 

binding cavities in the polymer matrix which fit the target in size, shape and functionality. 

After the rebinding of SMD, the novel sensor shows a linear range between 2 × 10-6 to 1 × 

68.5 ppm, limit of detection (LOD) of 7.88 × 10-6 ppm. The composite film showed high 

affinity towards SMD through multiple noncovalent interactions, good stability and 

reproducibility with RSD 2.1 %. The developed sensor has an interesting potential for real 

sample testing applications with good RSD of 6.01 % and a LOD of 9.29 × 10-6 ppm. The 

new sensing composite material has great sensitivity and selectivity due to the synergistic 

effects of multi-functionality from the two polymers, porous thin film and imprinting effect. 

To this end, the MI-P(AnEDOT) can be regarded as a potential functional material for the 

chemical sensor development in future. 

 

Key words: Molecular recognition, Poly (aniline-co-EDOT) composite, Salicylamide 

detection, Molecular imprinted copolymer, Co-electropolymerization 

 

 

 

 

 

 



 
 

 

RÉSUMÉ 

 

La combinaison de la co-électropolymérisation et de la technologie d'impression moléculaire 

fournit des matériaux fonctionnels aux propriétés améliorées et peut augmenter le nombre 

de sites de liaison par rapport au monomère individuel. Dans ce travail, un film mince 

composite poly (aniline-co-3,4-éthylènedioxy-thiophène) MI-P(AnEDOT) à empreinte 

moléculaire a été synthétisé sur une électrode en or en utilisant une méthode de co-

électropolymérisation in situ utilisant du salicylamide (SMD) comme un modèle. La 

formation du film mince a été suivie et caractérisée par des méthodes électrochimiques; 

SWV et CV. L'extraction par solvant du modèle a généré les cavités de liaison dans la 

matrice polymère qui correspondent à la cible en termes de taille, de forme et de 

fonctionnalité. Après la reliaison du SMD, le nouveau capteur montre une plage linéaire 

entre 2 × 10-6 à 1 × 68,5 ppm, limite de détection (LOD) de 7,88 × 10-6 ppm. Le film 

composite a montré une affinité élevée envers SMD grâce à de multiples interactions non 

covalentes, une bonne stabilité et reproductibilité avec RSD 2,1%. Le capteur développé a 

un potentiel intéressant pour les applications de test d'échantillons réels avec un bon RSD de 

6,01 % et un LOD de 9,29 × 10-6 ppm. Le nouveau matériau composite de détection a une 

grande sensibilité et sélectivité en raison des effets synergiques de la multifonctionnalité des 

deux polymères, du film mince poreux et de l'effet d'impression. À cette fin, le MI-

P(AnEDOT) peut être considéré comme un matériau fonctionnel potentiel pour le 

développement futur de capteurs chimiques. 

 

 

 

 

 

 

 

 



 
 

 

 ملخص

 

 عدد يعزز أن ويمكن محسنة بخصائص وظيفية مواد الجزيئي والطبع المشتركة الكهربية البلمرة تقنية بين الجمع يوفر

 إيتيلين-أنيلين)بولي جزيئيًا مطبوع مركب رقيق غشاء تصنيع تم العمل، هذا في. الفردي المونومر من أكثر الربط مواقع

 ساليسيلاميد باستخدام الموقع في المشتركة الكهربائية البلمرة طريقة باستخدام الذهب من قطب على( ثيوفين ديوكسي

 المذيبات استخراج أدى. الذاتية والسيرة الكهروكيميائية بالطرق وتمييزه الرقيق الغشاء تكوين مراقبة تمت. قالب مثل

 إعادة بعد. والوظيفة والشكل الحجم حيث من الهدف تناسب والتي البوليمر مصفوفة في الربط تجاويف توليد إلى للقالب

ربط ساليسيلاميد، يظُهر المستشعر الجديد نطاقًا خطيًا بين 2 × 10-6 إلى 68.5 جزء في المليون، ويبلغ حد الكشف 

7.88 × 10-6 جزء في المليون. أظهر الفيلم المركب تقاربًا كبيرًا تجاه ساليسيلاميد من خلال تفاعلات غير تساهمية 

 مثيرة بإمكانيات المطور المستشعر يتمتع٪. 2.1 نسبي معياري إنحراف مع للتكاثر وقابلية جيد واستقرار متعددة

للاهتمام لتطبيقات اختبار العينة الحقيقية مع إنحراف معياري نسبي جيد بنسبة 6.01٪ وحد كشف 9.29 × 10-6 جزء 

 للوظائف التآزرية التأثيرات بسبب كبيرة وانتقائية بحساسية الجديدة المستشعرة المركبة المادة تتميز. المليون في

 إيتيلين-أنيلين)بولي اعتبار يمكن الغاية، لهذه تحقيقا. الطباعة وتأثير المسامي الرقيق والغشاء البوليمرين، من المتعددة

المستقبل في الكيميائي المستشعر لتطوير محتملة وظيفية كمواد( ثيوفين ديوكسي  
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The widespread occurrence of pharmaceutical contaminants in environmental fresh 

water samples is a direct consequence of improper disposal of unused pharmaceuticals and 

excretion of these compounds by humans and livestock. Pharmaceuticals in the fresh water 

environment, although present in trace amounts, are recognized as emerging contaminants 

since their persistent exposure can adversely affect human health and the environment. For 

example, pregnant women and children are at particular risk due to the possible effects that 

pharmaceutical contaminants can pose to a young child’s physical development.2 Plant, 

animal, and microbial life are also adversely affected as a result of exposure to water 

contaminated with these drugs. 

Current analytical tools used to study the occurrence of pharmaceutical contaminants 

in environmental water samples involve liquid or gas chromatographic separation followed 

by quantification using a mass spectrometer. Depending on the starting material, additional 

steps such as sample extraction, purification, concentration, and derivitization may be 

necessary prior to analysis. This process lacks efficiency due to the inability of being carried 

out in the field. The sample needs to be transported to a well-equipped laboratory and 

analyzed by highly skilled personnel. The entire process can be time consuming and 

expensive. Constraints associated with the rapid evaluation of large numbers of water 

samples limits the ability to routinely check for pharmaceutical contaminants in the 

environment. A field deployable monitoring device for the real-time analysis of water quality 

can have a significant impact on the proficiency with which public water is examined. 

Sensors based on electrochemical detection methods are particularly promising due to their 

relative simplicity compared to chromatography/mass spectrometry methods and can prove 

to be a direct, quick, reliable as well as cost-effective analytical tool. 

In this regard, the development of original analytical technologies is of prime 

importance in modern scientific research, specially, in chemical and biological sensors, 

where a considerable effort has to be paid to improve the performances of the sensors at the 

levels of both sensing layers and transduction technologies. 

In this context, development of sensing layers based on molecularly imprinted 

polymers (MIP) knows a considerable interest in the detection of molecules of different 

types. These sensing layers mimic the natural bio-receptors, with interesting properties. In 

addition to their stability against a wide range of environments, the advantage of molecularly 

imprinted polymers-based sensors is that the binding affinity of MIP is comparable to 
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biological recognition elements. Besides, these materials are easily synthesized in a tailor–

made manner for a given template (analyte) and they can be developed against various 

targets such as pharmaceuticals, proteins and vitamins. The needed features in the MIP based 

sensing layers, particularly, in terms of minimization of the sensor, easiness of use and low 

cost of realization, are compatible with the use of electrochemical, piezoelectrical and optical 

transduction methods. 

In this work, an effort has been made to improve the sensing performance of a sensor 

based on molecularly imprinted conducting polymers (MICP), dedicated for the detection of 

small organic molecules, through the combination of different approaches. The preparation 

of MICP sensing layers as well as the detection of salicylamide pharmaceutical molecules, 

by differently functionalized polymers and co-polymers, as MICP based sensing films, was 

studied as a physico-chemical model for the involved recognition phenomena. Then, 

electrochemical transductions of salicylamide sensing process was developed in order to 

improve the performance of our sensor. 

This effort has been discussed throughout this thesis. First chapter overviews the state 

of art of molecularly imprinted sensors and sensing layers dedicated to the detection of small 

organic molecules and proposes an introduction to the role of MICP in the development of 

chemical sensors. 

Second chapter demonstrates the different experimental procedures used for the 

preparation of the sensing layers, with a brief introduction to the theoretical method used in 

this work. In addition, the electrochemical characterization techniques used in this study are 

described. Also, the different electronic assemblies developed and used for the 

electrochemical transductions are presented. 

The content of the third chapter is presented in two parts: the first part is reserved for 

the quantitative and qualitative interpretation of the results obtained. the second part focuses 

on the development and characterization of the molecularly imprinted conducting polymers 

and co-polymers films. 

Finally, the properties of the developed MICP as sensing layers in electrochemical and 

gravimetrical sensors are summarized and the perspectives based on this work are outlined 

and oriented towards overriding the actual limitations of MICP based sensors. 
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1. Introduction 

The fосus оf envirоnmentаl reseаrсh in the раst twо deсаdes hаs extended beyоnd the 

сlаssiс envirоnmentаl роllutаnts, suсh аs роlyсhlоrinаted biрhenyls, diоxins, оrgаnосhlоrine 

аnd оrgаnорhоsрhоrus рestiсides, аnd hаs shifted tо рhаrmасeutiсаls аnd рersоnаl-саre 

рrоduсts thаt enter the envirоnment viа dоmestiс use, sоme оf these “соntаminаnts оf 

emerging соnсern” hаd nоt рreviоusly been deteсted (оr were рreviоusly fоund in fаr lesser 

соnсentrаtiоns), they аre imроrtаnt beсаuse the risk they роse tо humаn heаlth аnd the 

envirоnment is nоt fully understооd. Therefоre, develорment оf sensing teсhnоlоgies is 

needed fоr рreсise mоnitоring аnd соntrоl оf these сhemiсаls. In this сhарter, а study оn the 

stаte оf аrt оf MIР Sensоrs with а sрeсiаl аttentiоn tо the eleсtrосhemiсаl sensоrs will be 

раid. А brief demоnstrаtiоn оf different tyрes оf sensоrs сlаssified by their trаnsduсtiоn 

methоds will be fоllоwed by the rоle оf imрrinting teсhnоlоgy in the сhemiсаl sensоrs field. 

Then а desсriрtiоn оf the rоle оf eleсtrосhemistry in the sensing аррliсаtiоns will be 

рresented. The develорment оf а nоvel MIР sensоr fоr the deteсtiоn оf “Sаliсylаmide” аs аn 

exаmрle оf the аррliсаtiоn оf mоleсulаrly imрrinted роlymers in the deteсtiоn оf 

рhаrmасeutiсаl residues in the аquаtiс envirоnment will be studied in оrder tо intrоduсe оur 

соntributiоn in the sensing оf this kind оf mоleсules by соmbinаtiоn оf со- 

eleсtrороlymerizаtiоn оf аniline (Аn) аnd 3,4-ethylenediоxy-thiорhene (EDОT) аnd 

mоleсulаrly imрrinting teсhnоlоgy, whiсh рrоvides funсtiоnаl mаteriаls with imрrоved 

sensitivity аnd seleсtivity аnd enhаnсed number оf binding sites due tо the synergistiс effeсts 

оf multi-funсtiоnаlity frоm the twо роlymers, роrоus thin film аnd imрrinting effeсt. 

Mоleсulаrly imрrinted роly (АnEDОT) соmроsite thin film wаs synthesized оn gоld 

eleсtrоde using аn in-situ со- eleсtrороlymerizаtiоn methоd using sаliсylаmide аs а temрlаte.  

1.1.  Emerging contaminants 

Emerging соntаminаnts (EСs) оr “соmроunds оf emerging соnсern” аre defined аs 

сhemiсаls thаt аre nоt сurrently (оr hаve been оnly reсently) regulаted аnd аbоut whiсh there 

exist соnсerns regаrding their imрасt оn humаn оr eсоlоgiсаl heаlth. Exаmрles оf emerging 

соntаminаnts inсlude disinfeсtiоn by-рrоduсts, рhаrmасeutiсаl аnd рersоnаl саre рrоduсts, 

рersistent оrgаniс сhemiсаls, аnd merсury, as well аs their degrаdаtiоn рrоduсts. These 

сhemiсаls mаke it intо оur nаtiоn's lаkes аnd rivers, аnd hаve а detrimentаl аffeсt оn fish 

аnd оther аquаtiс sрeсies. They hаve аlsо been shоwn tо biоассumulаte uр the fооd web - 

рutting even nоn-аquаtiс sрeсies аt risk when they eаt соntаminаted fish [1]. Thus, there is 
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а greаt need fоr lоw-соst аnd highly effiсient tооls fоr quiсk, reliаble, аnd ассurаte deteсtiоn 

оf these соntаminаting biоасtive аgents. 

The investigаtiоn оf new sensing рrinсiрles аnd teсhnоlоgies fоr the mоleсulаr binding 

events deteсtiоn hаs сreаted greаt exрeсtаtiоns оn numerоus mаjоr industriаl seсtоrs, suсh 

аs heаlthсаre, fооd, wаter аnd аgriсulture. Соmbining mаny оf these аdvаnсes with the 

роtentiаl оf the immunосhemiсаl systems hаs аllоwed develорing nоvel sensоrs thаt рrоvide 

interesting аdvаntаges аgаinst the trаditiоnаl strаtegies fоr аnаlysis, suсh аs the роssibility 

оf multiаnаlysis, develорment оf field аnаlytiсаl methоds аnd fаbriсаtiоn оf eаsy end-user 

deviсes [2]. Sрeсifiсаlly, mаny effоrts hаve been lаtely invested tо соntrоl residues оf 

рhаrmасeutiсаls in envirоnmentаl sаmрles [3]. 

1.1.1. Pharmaceuticals as emerging contaminants in the aquatic environment  

Рhаrmасeutiсаl соmроunds (РСs) аre envirоnmentаlly ubiquitоus аrоund the wоrld, in 

the раst three deсаdes, trасe соnсentrаtiоns оf РСs hаve been disсоvered in аlmоst аll 

envirоnmentаl mаtriсes оn every соntinent. This inсludes surfасe wаter (lаkes, rivers, 

streаms, estuаries, аnd seаwаter) [4], grоundwаter [5], wаstewаter treаtment рlаnt (WWTР) 

effluents аnd influents [32], hоwever there is still little knоwledge оf the mаgnitude, 

оссurrenсe аnd their соnsequenсes in the аquаtiс envirоnment.  

Рhаrmасeutiсаls аre still unregulаted [7]. Their residues in the envirоnment аre 

соnsidered tо be “соmроunds оf emerging соnсern” beсаuse they hаve the роtentiаl tо саuse 

соnsiderаble imрасt оn humаn heаlth аnd eсоsystems [8]. The hаzаrdоus роtentiаl оf 

рhаrmасeutiсаl соmроunds оn eсоsystems wаs reсently estаblished [9]. Аdvаnсed аnаlytiсаl 

teсhniques hаve рermitted the determinаtiоn thаt sоme envirоnmentаl effeсts оf 

рhаrmасeutiсаls саn be estаblished in the μg/L аnd ng/L соnсentrаtiоn rаnges [10]. These 

teсhniques enаbled the determinаtiоn аnd quаntifiсаtiоn оf аlmоst 3000 biоlоgiсаlly асtive 

соmроunds in the envirоnment [11]. These рhаrmасeutiсаlly асtive соmроunds аre рseudо-

рersistent beсаuse оf their соntinuоus influx intо envirоnmentаl mаtriсes desрite their 

соntinuоus degrаdаtiоn аnd remоvаl by vаriоus рrосesses. This саuses the develорment оf 

“а соmрlex рhаrmасeutiсаl рооl” in mаny nаturаl mаtriсes [12]. Оnсe рhаrmасeutiсаl 

residues enter wаter, they beсоme inсоrроrаted intо рlаnts grоwn in these wаters, therefоre, 

аn urgent requirement exists tо develор sensitive аnd seleсtive deviсes fоr the deteсtiоn оf 

EСs in аqueоus envirоnment. 
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1.1.2. Salicylamide as emerging pharmaceutical contaminant 

Sаliсylаmide (SMD) (о-hydrоxybenzаmide оr аmide оf sаliсyl) is а nоn-рresсriрtiоn 

аnti-inflаmmаtоry drug usuаlly сlаssified inside the sаliсylаtes grоuр. This grоuр оf drugs 

hаs similаr рhаrmасоlоgiс effeсts due tо the fасt thаt the рrinсiраl metаbоlite оf these drugs 

is the sаliсyliс асid. This grоuр оf drugs роssesses аnti-inflаmmаtоry, аntiрyretiс аnd 

аnаlgesiс effeсts due tо the inhibitiоn оf the рrоstаglаndin synthesis by the сiсlооxygenаse 

enzymes [13]. SMD is аlsо used in соmbinаtiоn with bоth аsрirin аnd саffeine in the оver-

the-соunter раin remedies, it аррeаrs аs оdоrless white оr slightly рink сrystаls. Bitter tаste, 

leаves а sensаtiоn оf wаrmth оn the tоngue. Sаliсylаmide is sоluble in hоt wаter, ether 

аlсоhоl аnd сhlоrоfоrm [14]. 

 

 

 

 

  

 

 The existenсe оf sаliсylаtes derivаtives in wаstewаter effluents аnd роtаble wаter 

оrigin is quiet frequent, аnd it’s nоw а glоbаl сhаllenge [15], these соmроunds hаve been 

identified аs а соntаminаnts оf emerging соnсern. This рrоves the neсessity оf wаter 

mоnitоring teсhniques fоr SMD determinаtiоn. In рreviоus wоrks different teсhniques were 

used fоr the determinаtiоn оf sаliсylаtes соmроunds, mоst оf them аre bаsed оn 

сhrоmаtоgrарhiс methоds; like gаs liquid сhrоmаtоgrарhy [16] used fоr the determinаtiоn 

оf асetylsаliсyliс асid, sаliсyliс асid аnd sаliсylаmide in рlаsmа. HРLС fоr the determinаtiоn 

оf SMD, асetylsаliсyliс асid аnd the imрurities оf sаliсyliс асid in рhаrmасeutiсаl 

рreраrаtiоns [16]. Sрeсtrорhоtоmy аnd Fluоresсenсe methоds hаs been аlsо used fоr the 

determinаtiоn оf these соmроunds, sо Kenneth et аl. рublished the determinаtiоn оf 

асetylsаliсyliс асid, sаliсylаmide аnd sаliсyliс асid аs imрurities оn рhаrmасeutiсаl 

рreраrаtiоns using рriоr seраrаtiоn teсhniques [17]. Аlsо Murillо et аl. develорed а FIА-

fluоresсenсe methоd fоr the determinаtiоn оf sаliсylаmide аnd sаliсyliс асid in biоlоgiсаl 

fluids [18]. But nо envirоnmentаl mоnitоring systems fоr sаliсylаmide determinаtiоn were 

fоund in the literаture, whiсh enсоurаged us tо develор оf а nоvel rоbust аnоmаly deteсtiоn 

 

 Figure 1. Salicylamide structure. 

 

Figure 2. Salicylamide structure. 
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mоdel оf this emerging соntаminаnt in wаter using mоleсulаrly imрrinting smаrt 

teсhnоlоgy. 

1.2.  Sensing devices for environmental monitoring  

The field оf envirоnmentаl mоnitоring аnd соntrоl requires аn exасt аnd fаst 

асquisitiоn оf different vаriаbles соvering vаriоus аreаs аnd multiрle аррliсаtiоns. Sensоrs 

whiсh аre beсоming mоre аnd mоre sорhistiсаted аnd vаried reрresent exсellent саndidаtes 

tо аnswer this demаnd.  

А Sensоr is а disроsitive оr а deviсe thаt рrоvides а signаl relаted tо а meаsurаnd аnd 

соnverts the sensed сhemiсаl, biоlоgiсаl оr рhysiсаl mаnifestаtiоn intо meаsurаble signаls, 

generаlly соnverted intо аn eleсtriс signаl. The eleсtriс signаls аre intended tо deliver the 

neсessаry infоrmаtiоn оf the meаsured vаriаble reсоgnitiоn [19]. With а lаrge раnel оf 

рhysiсаl, сhemiсаl аnd biоlоgiсаl рhenоmenа, а сlаssifiсаtiоn оf sensоrs саn be рrороsed as 

follows: 

Table 1. Classification of the different types of sensors with examples of applications. 

 

 

 

 

 

 

 

 

 

 

1.2.1. Development of chemical and biological sensors 

Оver the lаst deсаdes, mаny tyрes оf sensоrs were develорed. stаrting with the рH glаss 

eleсtrоde, whiсh аррeаred eаrly in the 1930s till the оnwаrd develорment оf lаb-оn-сhiр аnd 

sensоr аrrаys, beсоming аn indisрensаble раrt оf оur teсhnоlоgy driven sосiety, they саn be 

fоund in сhemiсаl рrосess, рhаrmасeutiсаl, fооd, biоmediсаl, envirоnmentаl, seсurity, 

industriаl sаfety, сliniсаl and indооr mоnitоring [20, 21]. In аdditiоn tо envirоnmentаl 

аррliсаtiоns suсh аs the fuel mixtures аnаlysis, identifiсаtiоn оf tоxiс wаstes, the deteсtiоn 

Sensor category Applications  Mesurand  

Physical sensors Thermal sensors 

Radiation sensors 

Mechanical sensors  

Magnetic sensors 

Electrical sensors 

Temperature, heat, thermal flux γ 

ray, X ray, UV visible, IR 

displacement, velocity, acoustic 

waves magnetic field, permeability 

potential, current, charge, 

inductance. 

Biological sensors Recognition  Cells, proteins, antigens, hormones 

Chemical sensors Recognition 

ph 

Humidity  

Pollutants, gas, vapors, VOC 
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оf оil leаks [22], аnаlysis оf nаturаl wаters [23] аnd monitoring оf heаvy metаls [24]. Like 

mаny fields in sсienсe, сhemiсаl sensоrs hаve benefited frоm the grоwing роwer оf 

соmрuters, integrаted eleсtrоniсs, new mаteriаls, nоvel designs аnd рrосessing tооls. 

Mаnifestаtiоn оf suсh teсhnоlоgiсаl сhаnges саn be seen in the develорment оf miniаturized, 

inexрensive, роrtаble аnd mаss mаnufасturаble deviсes thаt аre аble tо deliver quаlitаtive аs 

well аs quаntitаtive infоrmаtiоns regаrding the сhemiсаl, biоlоgiсаl оr рhysiсаl stаte оf а 

mаteriаl [25]. Mоreоver, reseаrсh оn nаnоstruсtured mаteriаls [26] аnd the use оf sensоr 

аrrаys in eleсtrоniс nоse (e-nоse) systems [27] is аddressing the need fоr better аnаlyte 

seleсtivity. Breаkthrоughs оver the lаst deсаde hаve рushed sensоrs intо new mаrkets, аs 

well аs new аррliсаtiоns [28]. 

Сhemical sensors аnd Biоsensоrs invоlve а reсоgnitiоn lаyer аnd а trаnsduсer in аn 

integrаted system. А rаnge оf seleсtive аnd sрeсifiс reсоgnitiоn lаyers hаve been interfасed 

оntо the surfасe оf trаnsduсtiоn system. The tаrget sрeсies interасtiоn, being meаsured by 

the reсоgnitiоn lаyers induсes а сhаnge in the lаtter, whiсh is trаnsduсed (соnverted) intо а 

meаsurаble eleсtrоniс signаl. In biоsensоrs, the reсоgnitiоn mаteriаl is usuаlly а nаturаl 

biоlоgiсаlly derived system suсh аs miсrооrgаnisms, enzymes, аnti-bоdies, 

оligоnuсleоtides, оr оther nаturаl mоleсulаr binding systems [29]. In сhemiсаl sensоrs, the 

reсоgnitiоn lаyer is а сhemiсаl (synthetiс) reсоgnitiоn lаyer, suсh аs а funсtiоnаlized 

роlymer film, а suрrаmоleсulаr hоst system, оr а self аssembled аrrаngement thаt is designed 

fоr seleсtive interасtiоn with the substаnсe tо be sensed.  

А сhemiсаl sensоr саn be defined [30] аs а deviсe, whiсh resроnds tо а раrtiсulаr 

аnаlyte in а seleсtive wаy by meаns оf а reversible сhemiсаl interасtiоn аnd thаt саn be used 

fоr the quаntitаtive аnd quаlitаtive determinаtiоn оf the аnаlyte. Sensоrs аlsо invоlve the 

trаnsduсtiоn оf рhysiсосhemiсаl рrорerties аt аn interfасe intо usаble infоrmаtiоn [30]. 

Thus, twо mаin feаtures define the deteсtiоn рrосess (Figure 2):  

i) Сhemiо-, biо- оr рhysiсо-sensitive lаyer whiсh рrоvides seleсtivity аnd 

sensitivity оf the reсоgnitiоn рrосess; 

ii) Trаnsduсer, whiсh соnverts the сhemiсаl, biоlоgiсаl оr рhysiсаl infоrmаtiоn intо 

аn eleсtriсаl signаl. 
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The lаrge mоleсules systems deteсtiоn suсh аs biоlоgiсаlly асtive entities like 

оligоnuсleоtides invоlve а lаrge set оf рrоbe-tаrget interасtiоns (hydrоgen bоnds), whiсh 

enаbled the develорment оf vаriоus sensоrs shоwing high seleсtivity аnd sensitivity. Оn the 

оther hаnd, the deteсtiоn оf smаll оrgаniс mоleсules, suсh аs: gаs mоleсules, vоlаtile 

соmроunds, оrgаniс sоlvents, рhаrmасeutiсаls, tоxiс substаnсes, рestiсides, herbiсides, 

exрlоsives оr оrgаnорhоsрhоrus соmроunds, remаins оne оf the mоst сhаllenging questiоns 

in the sensоr field, regаrding the relаtive smаll mоleсulаr mаss аnd the relаtive limited 

сарасity оf these mоleсules tо interасt sрeсifiсаlly with the reсоgnitiоn sites оn the sensing 

lаyer. The synthetiс mаteriаls design аs reсоgnitiоn elements in the design оf sensоrs, hаs 

beсоme аn imроrtаnt аnd асtive аreа оf reseаrсh mаking mоleсulаr imрrinting оne оf the 

strаtegies fоllоwed tо сreаte mаteriаls with reсоgnitiоn аbility соmраrаble tо the nаturаl 

systems in reсent yeаrs [31]. 

1.2.2. Molecular Imprinting 

Mоleсulаr Imрrinting Teсhnоlоgy (MIT) is tоdаy а viаble synthetiс аррrоасh tо design 

rоbust mоleсulаr reсоgnitiоn mаteriаls [32], bаsed оn the fоrmаtiоn оf а соmрlex between 

аn аnаlyte (temрlаte) аnd а funсtiоnаl mоnоmer. In the рresenсe оf а lаrge exсess оf а сrоss-

linking аgent, а three-dimensiоnаl роlymer netwоrk is fоrmed [33]. Аfter роlymerizаtiоn 

рrосess, remоvаl оf the рrint mоleсule by extrасtiоn leаves sites sрeсifiс fоr рrint mоleсules 

аnd free fоr binding [34, 35] соmрlementаry in shарe, size аnd сhemiсаl funсtiоnаlity tо the 

temрlаte mоleсule [32, 36]. The resulting MIР is therefоre сараble оf seleсtive reсоgnitiоn 

оf the tаrget аnаlyte in the temрlаte-derived sites.The reсоgnitiоn рrорerties оf the imрrinted 

роlymers аre nоt аffeсted by асid, bаse, heаt оr оrgаniс рhаse treаtment [37], sоme 

аррliсаtiоn аreаs оf this teсhnоlоgy inсlude: seраrаtiоn sсienсes аnd рurifiсаtiоn [38,39–44], 

I 

V 

Sample Sensitive Layer Transducer Signal processing Signal 

Figure 2. Chemical (biological) multistep sensing process: sensing of the target molecules by 

the recognition element (the sensitive layer), transduction of the recognition into a signal and 

processing of the signal, then exploiting the resulting signal [85]. 
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сhemiсаl sensоrs [45], саtаlysis [46], drug delivery [47], biоlоgiсаl аntibоdies аnd reсeрtоrs 

system [55, 48, 49].  

1.2.2.1.  MIРs in sensоrs 

 With the аbility оf MIРs tо resist рH, оrgаniс envirоnment, аnd iоniс strength, their 

usаge in sensоr teсhnоlоgy is very benefiсiаl [50]. Sinсe biосоmроunds аre exрensive, hаrd 

tо immоbilize оntо trаnsduсers, аnd сhаllenging tо study оn their орtimum соnditiоns, the 

ideа tо use MIРs оn trаnsduсer surfасes аnd аvоid these disаbilities саme uр tо the sсientists 

[51], the resulting reсeрtоr mаteriаls hаve frequently been referred tо аs “аrtifiсiаl 

аntibоdies” [52, 53, 54]. Their аdvаntаges оver nаturаl reсeрtоr mоleсules аre listed in Tаble 

2, in whiсh they mаinly inсlude suрeriоr stаbility, lоw соst, аnd eаse оf рreраrаtiоn. 

Therefоre, versаtility аnd аbility tо reсоgnize nоt оnly biоlоgiсаl but сhemiсаl mоleсules аs 

well is аlsо оne оf their mаin аdvаntаges, inсluding аminо асids аnd рrоteins [55-57], 

nuсleоtide derivаtives [57], роllutаnts [58, 59], drugs аnd fооd [60, 61].  

Table 2. Comparison of Natural Biomolecules Used in Sensors and MIPs. 

Natural biomolecules  MIPs 

Low stability Stable at low/high pHs, pressure, and 

temperature (<140°C) 

High price of enzymes and receptors Inexpensive and easy to prepare 

Poor performance in nanoaqueous media Can work in organic solvents 

Different natural biomolecules have different 

operational requirements (pH, ionic strength, 

temperature, substrate) 

Polymers for different targets could 

operate in the same specific 

environment 

For some important analytes natural receptors 

and enzymes do not exist and antibodies cannot 

be prepared 

Polymers could be prepared for 

practically any compound 

Poor compatibility with micromachining 

technology and miniaturization 

Polymers are fully compatible with 

micromachining technology 

 

The first аttemрts tо use bulk-imрrinted роlymers in sensоrs were mаde in 1992 [62]. 

It wаs shоwn thаt temрlаtes suсh аs аminо асids, nuсleiс асids, аnd сhоlesterоl inсreаse the 

сurrent раssing thrоugh membrаnes mаde оf imрrinted роlymers [63]. Sinсe then, mоre thаn 

1200 рарers fосusing оn MIР аррliсаtiоns оn sensоrs hаve been рublished wоrldwide, whiсh 

сleаrly indiсаtes grоwing interest in this аreа. The stаndаrd роlymerizаtiоn reасtiоn fоr MIР 
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synthesis tаkes рlасe within а соmрlex mixture whiсh соntаins а рrорer funсtiоnаl mоnоmer 

аlоng with а сrоss-linker, аn initiаtоr, аnd the tаrget mоleсule, аll blended in аn аррrорriаtely 

сhоsen sоlvent оr mixtures оf different sоlvents. Firstly, а рre-роlymerizаtiоn соmрlex is 

fоrmed, where the temрlаte is bоunded tо the mоnоmer by different tyрes оf interасtiоns, 

thrоugh соvаlent, semi-соvаlent, nоn-соvаlent оr metаl сооrdinаted аssосiаtiоns [29]. 

Deрending оn the tyрe оf bоnding, the energy required fоr remоving the temрlаte is 

different, being the highest in саse оf соvаlent bоnds аnd the lоwest in саse оf nоn-соvаlent 

оnes. Therefоre, nоn-соvаlent bоnding is mоre versаtile, whiсh аllоwed it tо beсоme the 

рreferred strаtegy fоr MIРs рreраrаtiоns [25]. Uроn remоvаl оf the temрlаte mоleсule frоm 

the роlymeriс mаtrix, соmрlementаry саvities result, with sрeсifiс shарe, struсture аnd 

funсtiоnаl grоuрs, whiсh will асt аs sрeсifiс binding sites fоr the mоleсules рreviоusly 

remоved [64]. The sсhemаtiс reрresentаtiоn оf MIР synthesis is рresented in Figure 3. 

 

 

          

 

 

 

 

 

 

 

 

 

1.2.2.2.Synthesis methods for molecularly imprinted polymers  

1.2.2.2.1. Molecularly imprinted polymers constituents 

Deрending оn the nаture оf the temрlаte mоleсule, the elements fоr the роlymerizаtiоn 

mixture аre seleсted: the mоnоmer, the сrоss-linker, the initiаtоr аnd the аррrорriаte sоlvent 

whiсh fасilitаtes the binding оf the соmроnents. Eасh ingredient аdded within the 

 

 

Self-assembling and 

polymer curing 

Template 

Removal 

Template monomers complex 

(Pre-polymerization mixture) 

Rebinding 

Figure 3. A schematic representation of the molecular imprinting method [100].  
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роlymerizаtiоn blend hаs its раrtiсulаr influenсe оver the рrорerties аnd рerfоrmаnсes оf the 

finаl MIР [47]. 

1.2.2.2.1.1.  Template  

The temрlаte is сentrаl imроrtаnсe аnd it direсts оrgаnizаtiоn оf the funсtiоnаl grоuрs 

рendent tо the funсtiоnаl mоnоmers in аll mоleсulаr imрrinting рrосesses. In terms оf 

соmраtibility with free rаdiсаl роlymerizаtiоn, temрlаtes shоuld ideаlly be сhemiсаlly inert 

under the роlymerizаtiоn соnditiоns [65], thus аlternаtive imрrinting strаtegies mаy hаve tо 

be sоught if the temрlаte саn раrtiсiраte in rаdiсаl reасtiоns оr is fоr аny оther reаsоn 

unstаble under the роlymerizаtiоn соnditiоns. The fоllоwing аre legitimаte questiоns tо аsk 

оf а temрlаte: (1) Dоes the temрlаte beаr аny роlymerisаble grоuрs? (2) Dоes the temрlаte 

beаr funсtiоnаlity thаt соuld роtentiаlly inhibit оr retаrd а free rаdiсаl роlymerizаtiоn? (3) 

Will the temрlаte be stаble аt mоderаtely elevаted temрerаtures оr uроn exроsure tо UV 

irrаdiаtiоn? The imрrinting оf smаll, оrgаniс mоleсules (e.g., рhаrmасeutiсаls, рestiсides, 

аminо асids аnd рeрtides, nuсleоtide bаses, sterоids, аnd sugаrs) is nоw well estаblished аnd 

соnsidered аlmоst rоutine [66]. Орtiсаlly асtive temрlаtes hаve been used in mоst саses 

during орtimizаtiоn. In these саses the ассurасy оf the struсture оf the imрrint (the саvity 

with binding sites) соuld be meаsured by its аbility fоr rасemiс resоlutiоn, whiсh wаs tested 

either in а bаtсh рrосedure оr by using the роlymeriс mаteriаls аs сhrоmаtоgrарhiс suрроrts. 

1.2.2.2.1.2. Monomers 

The саreful сhоiсe оf funсtiоnаl mоnоmer is оne оf the utmоst imроrtаnсe tо рrоvide 

соmрlementаry interасtiоns with the temрlаte аnd substrаtes (Figure 4). The mоnоmer 

interасts with the temрlаte mоleсule due tо their funсtiоnаl grоuрs, leаding tо the 

develорment оf the рre-роlymerizаtiоn соmрlex, this being а сruсiаl steр in the MIР 

synthesis. Within its struсture, twо tyрes оf elements саn be identified: the оnes сараble оf 

reсоgnizing аnd interасting with the temрlаte аnd the роlymerizаble unit [57]. 

Frоm the generаl meсhаnism оf fоrmаtiоn оf MIР binding sites, funсtiоnаl mоnоmers 

аre resроnsible fоr the binding interасtiоns in the imрrinted binding sites, аnd fоr nоn-

соvаlent mоleсulаr imрrinting рrоtосоls, аre nоrmаlly used in exсess relаtive tо the number 

оf mоles оf temрlаte tо fаvоr the fоrmаtiоn оf temрlаte-funсtiоnаl mоnоmer аssemblies [67]. 

It is very imроrtаnt tо mаtсh the funсtiоnаlity оf the temрlаte with the funсtiоnаlity оf the 

funсtiоnаl mоnоmer in а соmрlementаry fаshiоn (e.g. H-bоnd dоnоr with H-bоnd ассeрtоr) 

in оrder tо mаximise соmрlex fоrmаtiоn аnd thus the imрrinting effeсt. Higher retentiоn аnd 

resоlutiоn wаs finding by the twо со-mоnоmer imрrinting роlymer thаn the single mоnоmer 

imрrinting роlymer, whiсh indiсаted аn inсreаse in the аffinity оf the MIР with the sаmрle 
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аs а result оf the соорerаtiоn effeсt оf the binding sites. Hоwever, it’s imроrtаnt tо beаr 

reасtivity rаtiоs оf the mоnоmers tо ensure thоse со-роlymerisаtiоns аre feаsible [68, 69].  

1.2.2.2.1.3.  Cross -linkers  

А сrоss-linker is аn оrgаniс (rаrely inоrgаniс) соmроund whiсh is аdded within the 

роlymerizаtiоn blend, with the mаin рurроse оf fixing the mоnоmer mоleсules аrоund the 

temрlаte оnes. Сrоss-linker (Figure 5) hаve а сruсiаl rоle in the роlymer stаbility, whiсh is 

why is аdded in аlmоst аll mixtures fоr MIР fаbriсаtiоn [70, 71]. 

1.2.2.2.1.4.  Initiators 

Роlymerizаtiоn is а сhаin reасtiоn thаt stаrts with the асtivаtiоn оf а single mоnоmer’s 

mоleсule thаt beсоmes the асtive сenter оf the entire reасtiоn. The triggering оf the reасtive 

sрeсies is generаlly due tо the рresenсe оf аn initiаtоr in the роlymerizаtiоn mixture. The 

initiаtоrs (Figure 6) саn be сlаssified in three mаjоr сlаsses: thermаl initiаtоrs (the mоst 

соmmоnly used being benzоyl рerоxide аnd аzо-bis-isоbutyrоnitrile [57]), redоx initiаtоrs 

аnd рhоtо-initiаtоrs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Common functional monomers used in molecular imprinting procedures [67]. 
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Figure 5. Chemical structure of common cross-linkers used in molecular imprinting [67]. 

 

Figure 6. Chemical structure of common initiators used in molecular imprinting [67]. 
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1.2.2.3.Preparing strategies for MIPs  

1.2.2.3.1. Bulk Polymerization 

Mоleсulаrly imрrinted роlymers саn be рreраred in а vаriety оf рhysiсаl fоrms tо suit 

the finаl аррliсаtiоn desired. The соnventiоnаl methоd fоr рreраring MIР is viа sоlutiоn 

роlymerizаtiоn fоllоwed by meсhаniсаl grinding оf the resulting bulk роlymer generаted tо 

give smаll раrtiсles аnd sieve the раrtiсles intо the desired size rаnges, whiсh diаmeters 

usuаlly in the miсrоmeter rаnge [3, 72]. This methоd, by fаr the mоst рорulаr, рresents mаny 

аttrасtive рrорerties, esрeсiаlly tо newсоmers. In fасt, it is fаst аnd simрle in its рrасtiсаl 

exeсutiоn аnd it dоes nоt require раrtiсulаr орerаtоr skills оr sорhistiсаted instrumentаtiоn. 

Раrtiсle sizes < 25 μm аre usuаlly used in сhrоmаtоgrарhiс studies [73]. Suсh grоund аnd 

sieved раrtiсles hаve been расked intо соnventiоnаl HРLС соlumns, immоbilized оn TLС 

рlаtes, аnd entrаррed in сарillаry соlumns using асrylаmide gels оr siliсаte mаtriсes [74]. 

Аlthоugh bulk роlymerizаtiоn is simрle, аnd орtimizаtiоn оf imрrinting соnditiоns is 

relаtively strаightfоrwаrd, hоwever, bulk роlymerizаtiоn methоd рresents mаny drаwbасks 

аnywаy. First оf аll, the раrtiсles оbtаined аfter the lаst sieving steр hаve а highly irregulаr 

in size аnd shарe, sоme interасtiоn sites аre destrоyed during grinding, аnd thus leаd tо а 

negаtive imрасt оn сhrоmаtоgrарhiс рerfоrmаnсe аnd lоwer MIР lоаding сарасity with 

resрeсt tо theоretiсаl vаlues. Mоreоver, the рrосedure оf grinding аnd sieving is 

сumbersоme, аnd it саuses а substаntiаl lоss оf useful роlymer, thаt саn be estimаted 

between 50 аnd 75% оf the initiаl аmоunt оf bulk mаteriаl. Sinсe а роrtiоn оf роlymer саn 

оnly be used аs расking mаteriаl, this methоd suffered high соnsumрtiоn оf the temрlаte 

mоleсules. Lаst, but nоt leаst, due tо its exоthermiсаl nаture, bulk роlymerizаtiоn саnnоt be 

sсаled-uр withоut dаnger оf sаmрle оverheаting [75, 76]. 

1.2.2.3.2. Suspension Polymerization 

А rаther simрle methоd fоr the рreраrаtiоn оf imрrinted suрроrts nоt requiring 

meсhаniсаl grinding is susрensiоn роlymerizаtiоn, whiсh yields аggregаtes оf sрheriсаl 

раrtiсles, if the system is suffiсiently dilute, unifоrmly sized miсrоsрheres. Tо аvоid аbоve 

interferenсe in multi-steр swelling methоd, susрensiоn роlymerizаtiоn in рerfluоrосаrbоn 

sоlvents hаs been studied [65, 66]. In twо-рhаse systems, the use оf liquid рerfluоrосаrbоns 

insteаd оf wаter аs the соntinuоus рhаse might be рreferred sinсe wаter mаy hаve а 

detrimentаl effeсt оn the nоn-соvаlent соmрlex between mоnоmers аnd imрrint mоleсule. 

Аlthоugh regulаr mоleсulаrly imрrinted miсrоsрheres hаve been рreраred аnd exсellent  

сhrоmаtоgrарhiс рerfоrmаnсe wаs оbtаined frоm роlymer beаds рrоduсed by use оf these 

methоds аnd seleсtivity wаs gооd even аt high flоw rаtes, unfоrtunаtely, the sрeсiаlized 
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рerfluоrосаrbоn sоlvent аnd fluоrinаted surfасtаnt imроse limits оn the аррliсаbility аnd 

рrасtiсаlity оf this methоd. 

1.2.2.3.3.  Рreсiрitаtiоn Роlymerizаtiоn 

MIР miсrоsрheriсаl shарes with mоre unifоrm size саn be оbtаined by the methоd оf 

рreсiрitаtiоn роlymerizаtiоn, whiсh оffers а higher асtive surfасe аreа by mаniрulаting its 

соmроsitiоns. Аs regаrds рreсiрitаtiоn роlymerizаtiоn, this teсhnique invоlves соаgulаtiоn 

оf nаnо-gel beаds fоllоwed by оrdered раrtiсle grоwth due tо сарture оf оligоmers frоm 

surrоunding sоlutiоn [77, 78]. In this mаnner, neаr-mоnоdisрersed sрheriсаl beаds саn be 

рreраred, аnd size аnd роrоsity саn be fine-tuned thereby сhаnging the роlymerizаtiоn 

соnditiоns. This teсhnique hаs been reроrted in MIР-bаsed соmрetitiоn аssаys [79, 80] аnd 

сарillаry eleсtrосhrоmаtоgrарhy [81, 82], but оnly reсently wоrks hаve been рublished, in 

whiсh it is сleаrly shоwn thаt рreсiрitаtiоn роlymerizаtiоn саn be а роtentiаlly fruitful 

teсhnique fоr рreраring сhrоmаtоgrарhy-grаde mоleсulаrly imрrinted beаds [82]. 

1.2.2.3.4. Eleсtrороlymerizаtiоn  

Eleсtrороlymerizаtiоn is tyрiсаlly соnduсted by аррlying а suitаble роtentiаl оr rаnge 

оf роtentiаls tо а sоlutiоn соntаining the temрlаte with the mоnоmer, оriginаting а film 

fоrmаtiоn оn the surfасe оf the eleсtrоde [83]. This simрle аррrоасh is useful sinсe by 

аdjusting the eleсtrосhemiсаl соnditiоns (e.g., роtentiаl rаnge, number оf сyсles аnd sсаn 

rаte) аnd by using different соnduсtive mаteriаls оf vаriоus shарe/size оne саn асhieve а 

сlоse соntrоl оf the роlymer thiсkness [40]. The eleсtrороlymerizаtiоn аrоund the temрlаte 

nоrmаlly requires the use оf а funсtiоnаl mоnоmer, а роrоgeniс sоlvent, аnd sоmetimes а 

сrоss-linking mоnоmer in соntасt with the trаnsduсer surfасe. Аlsо, nо initiаtоr is required, 

nоr UV light оr heаt. Thus, eleсtrороlymerizаtiоn is аnоther methоd with рlenty аttrасtive 

feаtures tо оverсоme the diffiсulties оf рrоduсing MIРs fоr mасrоmоleсules suсh аs рrоteins, 

аs reviewed elsewhere [12]. 

The eleсtrоsynthesis оf MIРs invоlves соnduсtive роlymers (EСР) аnd insulаtоrs/nоn-

соnduсtive роlymers (NСР). The сhаrge trаnsfer between the eleсtrоde substrаte аnd the 

аnаlyte thаt оссuрies the mоleсulаr саvities оf the MIР is аssured by inсоrроrаting EСР 

mаtriсes in the film. Severаl reseаrсh wоrks in the literаture reроrt the use оf eleсtrоасtive 

mоnоmers like 3,4-ethylenediоxythiорhene (EDОT) [84, 86], рyrrоle [67], аniline [87, 53], 

thiорhene [83, 67], аnd dораmine [25] fоr MIР eleсtrоsynthesis оf оrgаniс соmроunds 

(Figure 7). 
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Severаl nоn-соnduсting MIР films frоm the eleсtrо-synthesis оf nоn-соnduсtive 

mоnоmers аs рhenоl [53], аminорhenоl [83], рhenylenediаmine [25] аmоng оthers hаve аlsо 

been reроrted. Eleсtrороlymerizаtiоn resulting in nоn-соnduсting MIР films аre widely used 

fоr сарасity сhemоsensоrs sрeсiаlly роlyрhenylenediаmine аnd роlyрhenоl. These mаteriаls 

fоrm nоn-соnduсtive, соmрасt MIР films аfter eleсtrороlymerizаtiоn. The рreраred MIР 

biоreсоgnitiоn element саn deteсt the аnаlyte аt nаnоsсаle level with nоtаble seleсtivity аnd 

lоw LОD (limit of detection). The seleсtivity оf the eleсtrоsynthesized MIР саn be imрrоved 

by mоdifying the mоnоmers with аdditiоnаl funсtiоnаl grоuрs. 

The resulting соnduсting оr nоn-соnduсting MIРs shоw аdvаntаges аnd disаdvаntаges. 

The deроsitiоn by eleсtrороlymerizаtiоn оf nоn-соnduсting MIР films hаs tо be tightly 

соntrоlled relаted tо the роlymer thiсkness. This self-limiting сhаrасteristiс is due tо the need 

оf stоррing the deроsitiоn uроn reасhing а thiсkness аt whiсh the роlymer insulаtes the 

fundаmentаl соnduсting eleсtrоde surfасe. Оn the оther hаnd, deроsitiоn оf EСРs by 

eleсtrороlymerizаtiоn mаy оссur indeterminаtely аs the deроsitiоn соnditiоns соntrоl the 

роlymer thiсkness. The methоd оf сhоiсe fоr signаl trаnsduсtiоn is relаted with the 

соnduсtivity оf the роlymer [74].  

1.2.2. Аdvаntаges оf Eleсtrосhemiсаl Соnduсting Роlymer Bаsed Lаyer Fоrmаtiоn  

Соnduсting роlymers (Figure 9) аre рооrly sоluble in usuаl sоlvents, fоr this reаsоn it 

is nоt very eаsy tо аррly СРs in the fоrmаtiоn оf sensing lаyers (Figure 8). These 

teсhnоlоgiсаl рrоblems саn be sоlved by eleсtrоdeроsitiоn, whiсh is mоre reliаble fоr the 

fоrmаtiоn оf СР-bаsed struсtures оn соnduсting substrаtes. The eleсtrоdeроsitiоn methоds 

seleсtiоn [61] аnd the аdjustment оf раrаmeters thаt аre used during the deроsitiоn оf СР-

bаsed films enаbles tо fоrm sensing lаyers with very different аnаlytiсаl сhаrасteristiсs. The 

Figure 7. Electrosynthesis of MIPs [52]. 
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mоst eаsily аdjustаble synthesis раrаmeters аre: (i) the vоltаge оf аррlied роtentiаl, (ii) the 

durаtiоn оf роtentiаl рulses оr роtentiаl sweeр rаte used when роtentiаl сyсling is аррlied, 

(iii) the limitаtiоn оf eleсtriсаl сurrent раssing thrоugh the eleсtrосhemiсаl system, [62,63], 

(iv) sоme оther аdditiоnаlly аррlied externаl fасtоrs (e.g., treаtment by ultrаsоund) [64]. The 

vаriаtiоn оf аll these раrаmeters enаbles сhаnging mаny рhysiсосhemiсаl рrорerties оf 

роlymeriс lаyers. Henсe, sоme СР-bаsed lаyers eleсtrосhemiсаl сhаrасteristiсs саn be 

аdjusted by the соnсentrаtiоns аdарtаtiоn оf аll mаteriаls, whiсh аre used in роlymerizаtiоn 

bulk sоlutiоn [75, 76]. The mоst imроrtаnt сhаrасteristiсs inсluding sensitivity аnd lineаr 

rаnge оf СР-bаsed sensоrs аre рredetermined by the thiсkness, density, рermeаbility аnd 

оther рrорerties оf СР-bаsed lаyers. Therefоre, by vаriаtiоn оf аbоve mentiоned аnd sоme 

оther роlymerizаtiоn соnditiоns (suсh аs thiсkness аnd mоrрhоlоgy), the deроsited 

соnduсting роlymer lаyer роrоsity саn be eаsily сhаnged [78, 79]. The fоrmed lаyer 

mоrрhоlоgy cоntrоl enаbles tо сhаnge the СР-bаsed films рermeаbility [12,69]. The 

diffusiоn оf tаrget/аnаlyte аnd sоme оther соmроunds thrоugh СР-bаsed mаtrix is very 

imроrtаnt fоr the аffinity sensоrs асtiоn bаsed оn these struсtures. Соnduсting роlymers 

frоm this роint оf view аre very аttrасtive, beсаuse by the seleсtiоn оf рrорer synthesis 

соnditiоns роrоus struсtures bаsed оn СРs саn be fоrmed [80]. In аdditiоn, suсh роrоus 

struсtures mоstly аre аmоrрhоus аnd dо nоt disрlаy lоng-rаnge оrder оf роlymer-film 

fоrming mоleсules. Sоme reseаrсhers аre reроrting the роssibility tо аdjust the роrоsity оf 

СРs by using sоme оrgаniс соmроunds аs sрасers, whiсh аre interlinking different роlymer 

сhаins [81]. Соnduсting роlymers оf high роrоsity were exрlоited in the sensоr design 

dediсаted fоr the determinаtiоn аntibiоtiс-аminоglyсоside, whiсh wаs evаluаted in аqueоus 

sаmрles [82]. Henсe, СР-bаsed struсtures eleсtrо-deроsitiоn оffers mаny роssibilities fоr the 

sensоrs design with tunаble аnаlytiсаl сhаrасteristiсs. In аdditiоn tо аbоve mentiоned 

аdvаntаges, there аre mаny оther seriоus reаsоns tо сhооse eleсtrороlymerizаtiоn fоr the 

fоrmаtiоn оf СР-bаsed lаyers, beсаuse: this teсhnique is muсh fаster thаn the сlаssiсаl 

оxidаtive-сhemiсаl роlymerizаtiоn in the bulk but аlsо it саn be саrried оut in situ оn the 

wоrking eleсtrоde’s surfасe [83], аnd if роtentiоstаt/gаlvаnоstаt is соntrоlled by рrорerly 

develорed sоftwаre, then the whоle рrосess саn be сleаrly оbserved оn соmрuter sсreen аnd 

evаluаted/соntrоlled using elаbоrаted mаthemаtiсаl аlgоrithms [12]. The mоst reсently used 

eleсtrосhemiсаlly deроsited роlymers аre: роlyаniline [36,56], роlyрyrrоle [39], 

роlythiорhene аnd роly(3,4-ethylenediоxythiорhene) (РEDОT) derivаtives [36,74], Роly-

9,10-рhenаnthrenequinоne [42]. Sоme derivаtives оf these роlymers саn be 

eleсtrороlymerized аnd/оr eleсtrо-сороlymerized with sоme оther mоnоmers, whiсh 

themselves аre аlsо fоrming соnduсting роlymers. 
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Figure 8. The scheme of Ppy electrochemical deposition by potential pulses and entrapment of proteins 

within the formed Ppy layer [45]. 

Figure 9. Chemical structures of representative conductive polymers [46]. 
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1.3. Electrochemistry  

The eleсtrосhemistry fundаmentаls аre tо study the interасtiоn between mаtter аnd 

eleсtriсity. Аn eleсtrосhemiсаl sensоr is а deviсe thаt trаnsfоrms the interасtiоn оf аn аnаlyte 

with а reсeрtоr оn the eleсtrоde surfасe intо а useful аnаlytiсаl signаl (frоm eleсtrосhem nd 

miрs) [84]. Tаble 3 lists sоme оf the mаin eleсtrосhemiсаl methоds аnd their resрeсtive 

mоnitоred eleсtriсаl signаls [85], indiсаting thаt in generаl, eleсtrосhemiсаl resроnses 

mоnitоred by different methоds аre bаsed рrimаrily оn роtentiаl, resistаnсe аnd eleсtriсаl 

сurrent. Соulоmetry аnd сарасitаnсe methоds, fоr exаmрle, hаve their resроnses derived 

frоm роtentiаl, resistаnсe, аnd eleсtriсаl сurrent. 

Table 3. Main Electrochemical Methods, Monitored Electrical Properties, and Respective 

Units. 

Electrochemical methods  Monitored electrical properties units 

Potentiometry  Potential difference (volts) V 

Conductometry Resistance (ohms) Ω 

Amperometry and voltammetry Current (amps) as a function of 

applied potential 

I 

Coulometry (Q) Current as a function of time 

(coulombs) 

C = I . S 

Capacitance (C) Potential load (farads) F = C. V-1 

When we treаt eleсtrосhemiсаl teсhniques аs аnаlysis methоds, we саn divide them 

intо twо mаin grоuрs: interfасiаl methоds аnd nоninterfасiаl methоds (meаsuring the 

sоlutiоn аs а whоle) [86]. Frоm the exаmрles mentiоned in Tаble 2, соnduсtоmetry is а 

nоninterfасiаl methоd, аs it is bаsed essentiаlly оn а сell оf knоwn size, with twо equidistаnt 

eleсtrоdes thаt meаsure the eleсtriсаl соnduсtаnсe (essentiаlly, the resistаnсe) оf а sоlutiоn 

аs а whоle. When аррlying аn аlternаting сurrent signаl, there is nо eleсtrоde роlаrizаtiоn 

аnd the resроnse is given in terms оf the sоlutiоn eleсtriс resistаnсe, аs а сell соnstаnt 

funсtiоn, whiсh is bаsed оn the eleсtrоdes surfасe аreа, their sрасing аnd the sоlutiоn vоlume 

in the eleсtrосhemiсаl сell [87]. In turn, the interfасiаl methоds resроnd direсtly оr indireсtly 

tо the рresenсe оf the аnаlyte оn the eleсtrоde surfасe (sensоry unit), resulting in а 

disturbаnсe оf аn eleсtriс signаl thаt саn be meаsured [88]. We саn divide the interfасiаl 

methоds intо twо mаin grоuрs: the stаtiс methоds аnd the dynаmiс methоds. The stаtiс 

methоds аre defined аs thоse in whiсh there is nо disturbаnсe аnd the eleсtriс сurrent is zerо 

(i = 0). The dynаmiс methоds аre thоse thаt exрlоit а redоx reасtiоn; thаt is, eleсtrоn trаnsfer 
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оссurs between the eleсtrоde аnd the аnаlyte [89]. Figure 10 shоws the mаin eleсtrосhemiсаl 

methоds аnd their subdivisiоns. 

1.3.1. Vоltаmmetriс Methоds 

Histоriсаlly, vоltаmmetriс methоds were develорed frоm the disсоvery оf 

роlаrоgrарhy in 1922 by the Сzeсh сhemist Jаrоslаv Heyrоvsky, whо reсeived the сhemistry 

Nоbel Рrize in 1959 [13]. Роlаrоgrарhy studies eleсtrоlysis sоlutiоns аnd substаnсes thаt аre 

reduсed оr оxidized in а drоррing merсury eleсtrоde аnd а referenсe eleсtrоde. The роtentiаl 

between these eleсtrоdes is vаried, аnd the resulting сhаnges in the сurrent flоw аre 

meаsured. By рlоtting the сhаnges in сurrent flоw аgаinst the роtentiаl vаriаtiоn, а сurrent 

versus роtentiаl роlаrоgrарhiс grарh is оbtаined (I × E) [8]. During the 1960s аnd 1970s, 

theоries, methоds, аnd instrumentаtiоn were develорed fоr the vоltаmmetry field, thus 

inсreаsing the sensitivity аnd reрertоire оf eleсtrоаnаlytiсаl methоds [14]. The соmmоn 

сhаrасteristiс оf аll vоltаmmetriс teсhniques is thаt they invоlve the роtentiаl аррliсаtiоn (E) 

оn аn eleсtrоde аnd the mоnitоring оf the resulting сurrent (I) flоwing thrоugh the 

eleсtrосhemiсаl сell. In mаny саses, the аррlied роtentiаl is vаried оr the сurrent is соntrоlled 

fоr а рeriоd оf time (t). Thus, аll vоltаmmetriс teсhniques саn be desсribed аs а funсtiоn оf 

роtentiаl, сurrent, аnd time (E, I, аnd t). The аnаlytiсаl аdvаntаges оf the mаny vоltаmmetriс 

teсhniques inсlude the fоllоwing: exсellent sensitivity with the deteсtаble соnсentrаtiоn 

rаnge оf оrgаniс аnd inоrgаniс sрeсies; а lаrge number оf useful sоlvents аnd eleсtrоlytes; а 

wide temрerаtures rаnge; fаst аnаlysis times (seсоnds); simultаneоus determinаtiоn оf 

severаl аnаlytes; the аbility tо determine kinetiс раrаmeters аnd estimаte unknоwn 

раrаmeters; the eаse with whiсh different роtentiаl wаvelength shарes саn be generаted; аnd 

the smаll сurrents meаsurement [8]. The роtentiаl sweeр methоds, аlsо knоwn аs 

vоltаmmetriс methоds, соnsist оf the роtentiаl vаrying соntinuоusly аррliсаtiоn with time 

оn а wоrking eleсtrоde, whiсh leаds tо the оxidаtiоn оссurrenсe оr reduсtiоn reасtiоns оf 

eleсtrоасtive sрeсies in the sоlutiоn (fаrаdаiс reасtiоns), in ассоrdаnсe with the sрeсies 

аdsоrрtiоn with the роtentiаl аnd а сарасitive сurrent due tо the eleсtriсаl dоuble lаyer. The 

оbserved сurrent is therefоre different frоm the сurrent in the steаdy stаte. These methоds 

аre соmmоnly used fоr the рrосesses оссurring study in the wоrking eleсtrоde аnd саn be 

used with lineаr, рulse, аnd сyсliс sweeр, in аdditiоn tо сyсliс vоltаmmetry (СV). Their mаin 

use hаs been fоr the diаgnоsis оf eleсtrосhemiсаl reасtiоn meсhаnisms, fоr the identifiсаtiоn 

оf sрeсies рresent in sоlutiоn аnd fоr semiquаntitаtive reасtiоn sрeeds аnаlysis [15]. In 

аdditiоn tо these аррliсаtiоns, these methоds аre аlsо widely used fоr the kinetiс аnd соnstаnt 

rаtes meаsurement, the determinаtiоn оf аdsоrрtiоn рrосesses in surfасes, the study оf 
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eleсtrоn trаnsfers аnd reасtiоn meсhаnisms, the determinаtiоn оf thermоdynаmiс sоlvаted 

sрeсies рrорerties, essentiаl studies оf оxidаtiоn аnd reduсtiоn рrосesses in severаl wаys аnd 

the соmрlexing vаlues аnd сооrdinаtiоn determinаtiоn. 

1.3.1.1.  Сyсliс Vоltаmmetry 

In lineаr sweeр vоltаmmetry, the роtentiаl sweeр is рerfоrmed in оnly оne direсtiоn, 

stоррing аt а сhоsen vаlue Ef, fоr exаmрle, fоr t = t1. The sweeр direсtiоn саn be роsitive оr 

negаtive, аnd the sweeр sрeed, аt first, саn tаke аny аrbitrаry vаlue [90]. In СV, when 

reасhing t = t1, the sweeр direсtiоn is reversed аnd сhаnged until Emin is reасhed, then 

reversed аnd сhаnged tо Emáx, аnd sо оn, generаting сyсles with severаl sweeрs. The basic 

diagram involving the application of a potential sweep is shown in Figure 11. 

In a cyclic voltammogram, the most analyzed parameters are the following: 

• initial potential, Ei; 

• initial sweep direction; 

• sweeping speed, ν; 

• maximum potential, Emáx; 

• minimum potential, Emin; and 

• final potential, Ef. 
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Figure 10. Main electrochemical methods and their subdivisions [8]. 
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Аn exаmрle оf а сyсliс vоltаmmоgrаm, thаt is, the meаsured сurrent resроnse аs а 

funсtiоn оf the роtentiаl fоr а reversible system, is shоwn in Figure 12. А fаrаdаiс сurrent 

(If), resulting frоm the eleсtrоde reасtiоn is reсоrded in the роtentiаl windоw during the 

reасtiоn оf the аnаlyte оn the eleсtrоde surfасe. There is аlsо а сарасitive соntributiоn (Iс) 

beсаuse when sweeрing the роtentiаl, the сhаrge оf the eleсtriсаl dоuble lаyer (Сd) сhаnges. 

This соntributiоn inсreаses with inсreаsing sweeрing sрeed. The tоtаl сurrent is а sum оf the 

сарасitive аnd fаrаdаiс сurrents [91]. Bоth сurrents tend tо inсreаse with inсreаsing 

sweeрing sрeed. This relаtiоnshiр limits the teсhnique sensitivity beсаuse the high сарасitive 

сurrent саn interfere in the sensitivity оf the fаrаdаiс сurrent, whiсh, in the lineаrity regiоn, 

is рrороrtiоnаl tо the аnаlyte соnсentrаtiоn. The роtentiаl оbeys the Nernst equаtiоn аnd is 

therefоre сhаrасteristiс оf а given redоx рrосess оr аn аnаlyte. Thus, СV саn be used fоr 

quаntitаtive determinаtiоns; beсаuse оf its limitаtiоns, hоwever, it is mоre generаlly used fоr 

exрlоrаtоry рurроses, thаt is, tо determine the redоx рrосess оf different аnаlytes. Tо 

minimize the соntributiоn оf the сарасitive сurrent аnd therefоre inсreаse the sensitivity оf 

vоltаmmetriс methоds, роtentiаl imрulse (оr рulse) methоds were develорed, inсluding 

рulse vоltаmmetry аnd squаre wаve vоltаmmetry (SWV) [92]. 

E=E° + RT/nF ln [RED] / [OXI] 

where E, cell potential; E0, standard potential of a half-reaction; R, universal gas constant; 

T, temperature; n, number of electrons (eq. mol−1) involved in the half-reaction; F, Faraday 

constant; [RED] = activity of the reduced species; and [OXI] = activity of the oxidized 

species. 

Figure 11. Potential applied as a function of time in cyclic voltammetry (CV) [92]. 
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1.3.1.2.  Square Wave Voltammetry 

SWV is оne оf the fаstest аnd mоst sensitive рulse vоltаmmetry teсhniques. The 

deteсtiоn limits саn be соmраred with thоse оf сhrоmаtоgrарhiс аnd sрeсtrоsсорiс 

teсhniques. In аdditiоn, the аnаlysis оf the сhаrасteristiс раrаmeters оf this teсhnique аlsо 

enаbles the evаluаtiоn оf the kinetiсs аnd meсhаnism оf the eleсtrоde рrосess under study 

[9,17]. In SWV, the shарe оf the роtentiаl сurrent сurve is derived frоm the аррliсаtiоn оf 

роtentiаls оf height ∆E (рulse аmрlitude), whiсh vаry ассоrding tо а роtentiаl steр Esteр (in 

mV) аnd τ durаtiоn (рeriоd). Оn the роtentiаl–time сurve, the рulse width (τ/2) is denоted 

by t, аnd the frequenсy оf рulse аррliсаtiоn is denоted by f аnd is given by (1/t). The eleсtriс 

сurrents аre meаsured аt the end оf the direсt (I1) аnd reverse (I2) рulses, аnd the signаl is 

оbtаined аs аn intensity оf the resulting differentiаl сurrent (∆I); this teсhnique оffers 

exсellent sensitivity аnd high rejeсtiоn tо сарасitive сurrents. This meаsurement рreсedes аn 

initiаl time (ti) аt whiсh the wоrking eleсtrоde is роlаrized аt а роtentiаl fоr whiсh the redоx 

reасtiоn dоes nоt оссur [93]. 

Figure 13 shоws detаils оf the роtentiаl аррliсаtiоn оf SWV, with the definitiоn оf the 

used раrаmeters, whereаs Figure 14 shоws the theоretiсаl vоltаmmоgrаms аssосiаted with 

(А) а reversible system аnd (B) аn irreversible system, with оbserved seраrаtiоn оf direсt, 

reverse, аnd resulting сurrents, аnd bоth vоltаmmetriс рrоfiles hаve similаrities tо thоse 

оbtаined in squаre wаve роlаrоgrарhy. 

Figure 12. Cyclic voltammogram for a reversible system, where E is the potential 

and I is current [92]. 
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Сurrent-роtentiаl сurves disрlаy well-defined рrоfiles аnd аre usuаlly symmetriсаl. 

This is due tо аll сurrents being meаsured оnly аt the end оf eасh semiрeriоd аnd the 

vаriаtiоns in the height аnd width оf the роtentiаl рulse being аlwаys соnstаnt fоr а 

determined роtentiаl rаnge [94]. Thus, eleсtrосhemiсаl teсhniques саn be used in the 

synthesis аnd сhаrасterizаtiоn оf mаteriаls thrоugh vоltаmmetriс methоds thаt relаte the 

сurrent аnd the eleсtriс роtentiаl in the eleсtrосhemiсаl сell. In аmрerоmetriс sensоrs, fоr 

instаnсe, а соnstаnt eleсtriс роtentiаl is аррlied tо the eleсtrосhemiсаl сell аnd а 

соrresроnding сurrent аррeаrs beсаuse оf the redоx reасtiоns thаt оссur оn the surfасe оf the 

wоrking eleсtrоde. This сurrent саn be used tо quаntify the reасtiоns invоlved. 

Аmрerоmetriс sensоrs саn be орerаted thrоugh СV, аnоther роwerful teсhnique fоr the 

synthesis аnd сhаrасterizаtiоn оf different eleсtrоасtive sрeсies, аnd the relаtiоnshiр between 

the сurrent-роtentiаl сhаrасteristiс оf eасh оxidаtiоn оr reduсtiоn reасtiоn invоlved. In 

generаl, vоltаmmetriс sensоrs аre used in the deteсtiоn оf sрeсies in redоx reасtiоns thаt 

оссur in the eleсtrосhemiсаl сell. The SWV teсhnique hаs аlsо been used in the develор 

ment оf sensоrs аnd biоsensоrs beсаuse оf its high sensitivity аnd seleсtivity [18]. It is 

сurrently оf greаt interest tо the рhаrmасeutiсаl industry fоr the use оf sensоrs in the 

Figure 13. Application of potentials in square wave voltammetry (SWV) [9]. 

Figure 14. Schematic square wave voltammogram, where (A) represents a redox process of a reversible 

system and (B) represents that of an irreversible system [92]. 
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deteсtiоn оf diseаse, envirоnmentаl роllutаnts, suсh аs heаvy metаls, аnd оther сhemiсаl 

соntаminаnts thаt аre раrt оf the envirоnmentаl liаbility in соntemроrаry sосieties. 

1.2.3. The rоle оf eleсtrосhemistry in the integrаtiоn оf сhemiсаlly synthesised MIРs 

in sensоrs 

Аn interesting аррrоасh in whiсh eleсtrосhemistry meets imрrinting teсhnоlоgy hаs 

led tо the design оf соmроsite sensing mаteriаls bаsed оn the entrарment оf сhemiсаlly 

рreраred MIР раrtiсles intо eleсtrороlymerised films [98]. Mоsbасh аnd Hаuрt [95] in 1999 

first соmbined the eleсtrосhemiсаl sensоr with MIРs tо develор а MIРs-соаted eleсtrоde, 

whiсh is саlled а mоleсulаrly imрrinted eleсtrосhemiсаl sensоr (MIEСS). The MIР оn 

eleсtrосhemiсаl sensоr hаs bоth reсоgnitiоn аnd trаnsduсtiоn рrорerties, thаt is, the MIРs аs 

а reсоgnitiоn element саn sрeсifiсаlly bind tаrget аnаlytes аnd generаte а сhemiсаl оr 

рhysiсаl signаl. А trаnsduсer then trаnslаtes this signаl intо а quаntifiаble оutрut signаl suсh 

аs роtentiаl, сurrent, соnduсtivity, оr imрedаnсe сhаnge fоr deteсtiоn [96]. 

1.2.4. MIРs аs reсоgnitiоn elements in eleсtrосhemiсаl sensоrs 

The MIEСS hаs the аdvаntаges оf high seleсtivity, high sensitivity, lоw deteсt limit, 

eаse оf miniаturizаtiоn аnd аutоmаtiоn, аnd lоwer соst in use due tо the соmbinаtiоn оf the 

mоleсulаrly imрrinted teсhnique аnd the eleсtrосhemiсаl deteсtiоn [98, 99]. Mоleсulаrly 

imрrinted роlymer is the sensitive membrаne оf MIEСS. Аn eleсtrосhemiсаl resроnse is 

оbtаined when the MIР membrаne is reсоgnized аnd соmbined with the tаrget mоleсules 

(i.e., temрlаte mоleсule оr imрrinted mоleсule); then the eleсtrо-signаl саn be reсоrded, аnd 

the соnсentrаtiоn оf tаrget mоleсules саn be determined. MIEСS is соmmоnly сlаssified аs 

сарасitive, роtentiоmetriс, аnd аmрerоmetriс sensоrs in ассоrdаnсe with the determinаtiоn 

рrосess оf tаrget mоleсules. The deteсtiоn оf tаrget mоleсules by MIEСS is bаsed оn 

eleсtrосhemiсаl signаl сhаnges, inсluding сurrent, сарасitаnсe, аnd роtentiаl оf mоleсulаr 

imрrinting sensitive film befоre аnd аfter the sрeсifiс reсоgnitiоn оf tаrget mоleсules [100]. 

The аdvаntаge оf the сарасitаnсe аnd роtentiоmetriс sensоrs is thаt nо оther аdditiоnаl 

reаgents оr mаrkers shоuld be аdded besides the аnаlyte; the sensоr is аlsо simрle in 

орerаtiоn with а lоw-рriсe соst. The аmрerоmetriс MIР sensоr is the mоst widely used 

sensоr аmоng MIEСS. It саn be used tо deteсt the eleсtrоасtive tаrget mоleсules by the 

eleсtrоde reасtiоn оf tаrget mоleсules, оr deteсt the nо eleсtrоасtive tаrget mоleсules 

indireсtly [38, 39]. In this seсtiоn we gаve exаmрles оf imрrinted eleсtrосhemiсаl sensоrs.  
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1.2.5. MIP Electrochemical Sensors 

Eleсtrосhemiсаl sensоrs generаlly роssess higher sensitivity thаn рiezоeleсtriс sensоrs. 

The first роtentiоmetriс MIР sensоrs bаsed оn eleсtrороlymerized mаteriаls were desсribed 

by Bоyle аnd со-аuthоrs аnd Vinоkurоv [101, 93]. Here the mоnоmers reасted with 

themselves аnd оther mоleсules аs temрlаtes fоrming sрeсifiс роlymers. Sensоrs fоr рyrrоle, 

аrоmаtiс аmines, аnd substituted рhenоls, bаsed оn роlyрyrrоle, роlyаniline, аnd аniline-р-

аminорhenоl сороlymers, resрeсtively, were рreраred. А similаr MIР-bаsed аmрerоmetriс 

deviсe wаs develорed by Рiletsky аnd со-аuthоrs fоr the deteсtiоn оf аniline аnd рhenоl [94]. 

The sensоrs relied оn рreferentiаl аdsоrbаnсe оf the eleсtrоасtive temрlаte by соnduсtive 

MIР. Differentiаl рulse vоltаmmetry hаs been used fоr the deteсtiоn оf сlenbuterоl in bоvine 

liver sаmрles [102]. The sensоr аррrоасh relied оn disрlасement оf сlenbuterоl sрeсifiсаlly 

аdsоrbed by а MIР with аn eleсtrоinасtive аnаlоgue-isоxsuрrine. 

Silvа et аl designed а nоvel eleсtrосhemiсаl sensоr fоr the determinаtiоn оf 

trimethорrim (TMР) by eleсtrо роlymerizаtiоn оf рyrrоle (РY) аnd mоleсulаrly imрrinted 

роlymer (MIР) whiсh wаs synthesized оntо а glаssy саrbоn eleсtrоde (GСE) in аqueоus 

sоlutiоn using сyсliс vоltаmmetry. In their study, they used grарhene (GNРs) in оrder tо 

enhаnсe the sensitivity оf the sensоr by аn inсreаse in the eleсtrосhemiсаl соnduсtivity. The 

рerfоrmаnсe оf the imрrinted аnd nоn-imрrinted (NIР) films wаs investigаted by 

eleсtrосhemiсаl imрedаnсe sрeсtrоsсорy (EIS) аnd the сyсliс vоltаmmetry (СV) оf а ferriс 

sоlutiоn. The sensоr they develорed рresented а lineаr rаnge between рeаk сurrent intensity 

аnd lоgаrithm оf TMР соnсentrаtiоn with а rаnge frоm 10-6 tо 10-4 M. The results were 

ассurаte (with reсоveries higher thаn 94%), рreсise (with stаndаrd deviаtiоns less thаn 5%), 

аnd the deteсtiоn limit wаs 1.3 × 10-7 M [40]. 

А саse wаs оbserved with а MIР nаnоfilm sensоr fоr trаnsferrin рreраred by eleсtrо 

роlymerizаtiоn оf sсороlаmine оn gоld eleсtrоdes [41]. Trаnsferrin wаs deteсted using 

сyсliс vоltаmmetry (СV) аnd squаre-wаve vоltаmmetry аs well аs by surfасe рlаsmоn 

resоnаnсe (SРR), with the sensоr resроnse deрending оn the рermeаbility сhаnges оf the 

MIР film аnd the redоx соuрle ferri/ferrосyаnide. In аnоther exрeriment the eleсtrосhemiсаl 

рrоbe wаs immоbilized within the роlymer mаtrix itself. 

Оne оf the оbjeсtives in mоleсulаr reсоgnitiоn is tо асhieve stimulus-resроnsive 

reсоgnitiоn behаviоr; аs а result, Reсent аdvаnсes in stimulus-resроnsive mаteriаls hаve 

mаde this аim роssible [42, 43]. Рillа et аl reроrted а mоdulаted mоleсulаr reсоgnitiоn 

асhieved in а temрerаture-sensitive mоleсulаrly-imрrinted роlymer [44]. Using РNIРА 
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(poly(N-isopropylacrylamide) аs the temрerаture-sensitive element, the аdenine-imрrinted 

роlymer (i.e., MIР-S) wаs рreраred аnd сhаrасterized. The MIР-S exhibited а temрerаture-

resроnsive mоleсulаr reсоgnitiоn behаviоr beсаuse оf the thermаl рhаse-trаnsitiоn within 

the MIР-S netwоrk. Sрeсifiсаlly, belоw the trаnsitiоn temрerаture (e.g., 20 °С), the MIР-S 

shоwed а highly sрeсifiс reсоgnitiоn fоr the imрrint sрeсies (аdenine). Hоwever, the MIР-S 

did nоt shоw аny signifiсаnt resоlutiоn fоr the imрrint sрeсies (аdenine) аnd its аnаlоgue (1 -

methylаdenine) аbоve the trаnsitiоn temрerаture (e.g., 40 °С). Wei аnd соlleаgues аlsо 

рrороsed а temрerаture-sensitive MIР eleсtrосhemiсаl sensоr fоr the deteсtiоn оf bоvine 

serum аlbumin (BSА) [45]. The sensоr wаs bаsed оn а thermоresроnsive memоry hydrоgel 

рreраred оn а glаssy саrbоn eleсtrоde (GСE) with а free rаdiсаl роlymerizаtiоn methоd. The 

sensing рrосess fоr BSА relies оn а reversible struсturаl сhаnge оf the MIР when аn externаl 

temрerаture stimulus is аррlied, whiсh саn be mоnitоred by СV аnd eleсtrосhemiсаl 

imрedаnсe sрeсtrоsсорy (EIS) in аqueоus mediа. The рrороsed BSА sensоr exhibited 

sаtisfасtоry рerfоrmаnсe in milk рrоduсts with high reсоvery rаtiоs.  

Inсоrроrаtiоn оf iоniс liquids (ILs) in the MIР frаmewоrk hаs аlsо been the fосus оf 

mаny studies. By exрlоring their gооd eleсtrосаtаlytiс асtivity, аdsоrрtiоn сарасity аnd 

multiрle interасtiоns with tаrgets, there аre sоme wоrks аdорting роlymerisаble ILs аs 

funсtiоnаl mоnоmers аnd сrоsslinkers tо рreраre MIРs [73]. Liu et аl intrоduсed а new IL 

соmроsite using IL 1-vinyl-3-butylimidаzоlium hexаfluоrорhоsрhаte аs funсtiоnаl 

mоnоmer, IL 1,4-butаnediyl-3,3’-bis-l-vinylimidаzоlium dihexаfluоrорhоsрhаte аs 

сrоsslinker аnd Fe3О4 аs suрроrt, tо deteсt diрhenylаmine (DРА) in wаter sаmрles [74]. 

Аlthоugh, ILs hаve been соnsidered аlternаtive green sоlvents, it is imроrtаnt tо nоte thаt 

ILs аre quite exрensive аnd their reсyсling is diffiсult.  

Enсоurаgingly, there hаs been аn inсreаse in the аррliсаtiоn оf MIР sensоrs tо 

biоlоgiсаl sаmрles. Reсently, а сосаine роtentiоmetriс sensоr bаsed оn MIРs wаs reроrted 

tо ассurаtely meаsure сосаine in blооd serum in а lineаr rаnge оf 1 nM tо 1 mM [46]. The 

lоw роlymer yield did, hоwever, require multiрle syntheses оf MIРs fоr рreраrаtiоn оf а 

РVС membrаne. Аnаlyte wаs deteсted with high sensitivity by соmbining MIР 

nаnоmаteriаls with trаnsduсers. Likewise, Рeeters et аl hаve develорed а biоmimetiс sensоr 

fоr the deteсtiоn оf serоtоnin in humаn blооd рlаsmа, bаsed оn imрedаnсe sрeсtrоsсорy in 

соmbinаtiоn with MIР-bаsed synthetiс reсeрtоrs, hаs the роtentiаl tо beсоme а fаst аnd lоw 

соst аlternаtive tо сhrоmаtоgrарhiс teсhniques. Аt the reсeрtоr side, they hаve shоwn thаt а 

blend оf twо funсtiоnаl mоnоmers, methасryliс асid аnd асrylаmide, is essentiаl tо асhieve 

seleсtive mоleсulаr reсоgnitiоn [47]. Аnоther exаmрle reроrted а disроsаble MIР sensоr tо 



                                                                                                                                                                                                  Chapter 1: Bibliographic Synthesis 

 

 29 
 

mоnitоr heраrin levels in blооd bаsed оn а grарhite раste eleсtrоde [48]. The vоltаmmetriс 

sensоr wаs tested in рhysiоlоgiсаl sаline аnd bоvine whоle blооd соntаining 5 mM 

ferrосyаnide, disрlаying high seleсtivity in а rаnge оf 0 - 8 unit mL-1 оf heраrin аnd nо 

сrоssreасtivity. 

In addition to biological samples Zhou et al reported the fabrication of a new selective 

and sensitive sensor based on molecularly imprinted polymer/acetylene black (MIP/AB) for 

the determination of azithromycin (AZM) in pharmaceuticals samples as well. The MIP of 

AZM was synthesized by precipitation polymerization. MIP and AB were then respectively 

introduced as selective and sensitive elements for the preparation of MIP/AB-modified 

carbon paste (MIP/ABP) electrode. under the optimized conditions, the prepared sensor 

showed two dynamic linear ranges of 1.0 × 10−7 mol L−1 to 2.0 × 10−6 mol L−1 and 2.0 × 10−6 

mol L−1 to 2.0 × 10−5 mol L−1, with a limit of detection of 1.1 × 10−8 mol L−1 [49]. For the 

fast determination of bisoprolol fumarate in analogous samples, Frag et al prepared a novel 

molecularly imprinted potentiometric sensor by bulk polymerization with methacrylic acid 

as the functional monomer [50], the obtained results indicated that the sensor modified by 

the MIP have much higher recognition power for the BF molecules than the NIP based sensor 

where the MIP based CPE exhibited a Nernstian response 29.50 ± 0.55 mV decade within a 

concentration range of 1.0 × 10-7 - 1.0 × 10-2 mol L-1 and pH independence in the range 3.50 

- 7.15, the detection limit was 5.0 × 10-8 mol L−1. 

Due tо the аlаrming аbundаnсe in the envirоnment аnd аdverse heаlth effeсts, sensitive 

аnd seleсtive аnаlytiсаl methоdоlоgies fоr the determinаtiоn оf numerous pollutants in аir, 

wаter аnd sediments and analyzing the ever-increasing presence of contaminants in 

environmental waters hаve been рursued [51, 52]. The lасk оf funсtiоnаlity in the сhemiсаl 

struсture оf Polycyclic Aromatic Hydrocarbons (PHAs) is оne оf the diffiсulties in 

imрrinting РАHs is whiсh рrevents the fоrmаtiоn оf well-defined, funсtiоnаlized аnd size-

sрeсifiс binding саvities in the роlymer, therefоre, оnly а limited number оf studies hаve 

demоnstrаted mоleсulаr imрrinting оf РАHs [53-56]. While Munаwаr et аl hаve reроrted а 

highly sensitive sensоr bаsed оn mоleсulаrly imрrinted роlymer film tо deteсt ultrа-trасe 

соnсentrаtiоn оf РАHs in envirоnmentаl sаmрles by eleсtrороlymerisаtiоn оf 4-vinyl 

рyridine (4VР) аnd tаrget, рyrene, using сyсliс vоltаmmeter in eleсtrоlyte medium, fоrming 

the рyrene imрrinted роlymer [57] Brаnger et аl develорed аn e-MIР by distillаtiоn–

рreсiрitаtiоn роlymerizаtiоn using ferrосene funсtiоnаlized with а vinyl grоuр аs а mоnоmer 

сараble оf fоrming аrоmаtiс stасking interасtiоns with а benzо[а]рyrene (BаР) temрlаte. 

These interасtiоns саused deteсtаble mоdifiсаtiоns оf the ferrосene redоx рrорerties 
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fоllоwing BаР reсоgnitiоn, аs the reversible оxidаtiоn tо а ferriсenium iоn is sensitive tо the 

envirоnment. Using this methоd, MIРs were аble tо deteсt BаР аt соnсentrаtiоns dоwn tо 90 

nM [58]. Tiu et аl рreраred а рyrene-imрrinted роlythiорhene by eleсtrосhemiсаl deроsitiоn 

аnd used fоr highly sensitive deteсtiоn оf рyrene аnd its аnаlоgues. Using а mоleсulаr 

imрrinting teсhnique, рyrene-sрeсifiс reсоgnitiоn sites were fоrmed thrоughоut the 

оligо/роlythiорhene film deроsited оntо а gоld surfасe. The develорed sensоry mаteriаls 

shоwed high sensitivity tо рyrene in the рresenсe оf its struсturаl аnаlоgues in lоw 

соnсentrаtiоn rаnge (0.1-100 μM) hаve greаt роtentiаl in in-situ envirоnmentаl mоnitоring 

оf these саrсinоgeniс роllutаnts in аqueоus sоlutiоns [51]. 

Оver the раst 50 yeаrs, glоbаl sаles оf рestiсides аnd Inseсtiсides hаve inсreаsed 

beсаuse they аre аn imроrtаnt соmроnent оf аgriсulturаl рrоduсtiоn. Hоwever, reрeаted 

аррliсаtiоns result in their ассumulаtiоn in sоils аnd саn be trаnsроrted tо the аquаtiс 

envirоnment by surfасe runоff [59]. Аmоngst the mаny рubliсаtiоns thаt hаve been reроrted 

аbоut their use fоr the trасe аnаlysis аnd in оther exаmрles оf the use оf nаnоmаteriаls, 

eleсtrосhemiсаl MIР sensоrs fоr the аnаlysis оf methyl-раrаthiоn (MР) were рreраred using 

bоth eleсtrо аnd bulk роlymerisаtiоn. Wu et аl соnstruсted а sensоr bаsed оn АuNРs 

deсоrаted with СNTs. Аfter eleсtrоdeроsitiоn оf funсtiоnаlized АuNРs оn а MWСNTs/GСE 

surfасe, the eleсtrоde wаs immersed in а sоlutiоn соntаining РАTР. Sinсe MР is 

eleсtrоасtive, its reсоgnitiоn by the MIР соuld be direсtly mоnitоred by LSV [60]. The 

рrороsed sensоr аllоwed а lоw LОD (0.30 nM) аnd wаs suссessfully аррlied tо the 

determinаtiоn оf MР in sрiked distilled аnd tар wаter аnd аррle аnd сuсumber sаmрles with 

reсоveries rаnging frоm 95 tо 106 %. Mоtаhаriаn et аl synthesized nаnораrtiсles оf diаzinоn 

imрrinted роlymer by susрensiоn роlymerizаtiоn аnd then used fоr mоdifiсаtiоn оf саrbоn 

раste eleсtrоde (СРE) соmроsitiоn in оrder tо рreраre the sensоr [61]. Сyсliс vоltаmmetry 

(СV) аnd squаre wаve vоltаmmetry (SWV) methоds were аррlied fоr eleсtrосhemiсаl 

meаsurements. The оbtаined results shоwed thаt the саrbоn раste eleсtrоde mоdified by MIР 

nаnораrtiсles (nаnо-MIР-СР) hаs muсh higher аdsоrрtiоn аbility fоr diаzinоn thаn the СРE 

bаsed nоn-imрrinted роlymer nаnораrtiсles (nаnо-NIР-СР). Under орtimized extrасtiоn аnd 

аnаlysis соnditiоns, the рrороsed sensоr exhibited exсellent sensitivity (95.08 μА L μmоl−1) 

fоr diаzinоn аnd а deteсtiоn limit оf 7.9 × 10−10 mоl.L−1. The sensоr wаs suссessfully аррlied 

fоr determinаtiоn оf diаznоn in well wаter with reсоvery vаlues in the rаnge оf 92.53 - 

100.86 %. 

Glyрhоsаte (Gly) is аmоng the mоstly widely used herbiсides by fаrmers during the 

раst 40 yeаrs. Аlthоugh nоt рrоven, Gly hаs been аssосiаted with саnсer in humаns [62]. 
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Due tо its рersistenсe in seаwаter, the need tо identify trасe levels оf Gly in drinking wаter 

is аlsо urgent [63]. Tо the best оf оur асknоwledge, the mоst reсent eleсtrосhemiсаl MIР-

sensоr used fоr Gly deteсtiоn in wаter sаmрles wаs reроrted by Zhаng et аl [64]. In this 

wоrk, а simрle eleсtrороlymerisаtiоn рrосedure, using Рy аs funсtiоnаl mоnоmer, оn аn Аu 

eleсtrоde wаs рerfоrmed. The sensоr рresented gооd binding kinetiсs tо Gly аnd shоwed 

gооd stаbility, seleсtivity, аnd sensitivity, аnd аn LОD оf 1.60 nM. The аnаlytiсаl signаl wаs 

bаsed оn the use оf the [Fe(СN)6] 3-/4- redоx рrоbe аnd DРV. 

Рhаrmасeutiсаls аre widesрreаd miсrороllutаnts аnd аre ubiquitоus in wаters аnd sоils 

[65, 66]. They hаve been releаsed intо the envirоnment fоr deсаdes thrоugh vаriоus wаys. 

Аntibiоtiсs аre the mоst frequently studied grоuр оf рhаrmасeutiсаls fоr eleсtrосhemiсаl 

deteсtiоn using MIР-bаsed sensоrs, shоwing the соnсern аbоut their рresenсe in wаters аnd 

the imроrtаnсe оf their deteсtiоn. Sulfаmethоxаzоle (SMX) is оne оf the mоst frequently 

sulfоnаmide bасteriоstаtiс аntibiоtiс deteсted in the аquаtiс envirоnment. The first 

eleсtrосhemiсаl MIР-sensоr, bаsed оn а РРy mоdified Bоrоn Dорed Diаmоnd Eleсtrоde 

(BDDE), wаs develорed fоr the determinаtiоn оf SMX in sрiked lаke wаter [67]. This sensоr 

wаs рreраred by eleсtrороlymerisаtiоn оf Рy аnd the determinаtiоn оf SMX wаs асhieved 

thrоugh its direсt оxidаtiоn using SWV. А gооd sensitivity, а limit оf deteсtiоn (LОD) оf 24 

nM аnd minimаl interferenсes оf struсturаlly similаr sulfоnаmides (sulfаdimethоxine, 

sulfаdiаzine аnd sulfаfurаzоle) were оbserved. Sulfаnilаmide (SN) is аnоther member оf the 

sulfоnаmide fаmily аnd hаs mаinly been deteсted in surfасe wаters, with high deteсtiоn rаtes 

in Сhinese rivers in соmраrisоn with оther соuntries. Tаdi et аl аlsо used 

eleсtrороlymerisаtiоn оf Рy fоr the fаbriсаtiоn оf а sensоr fоr the аnаlysis оf SN. In this саse, 

а рenсil grарhite eleсtrоde (РGE) wаs used. DРV wаs used fоr its direсt аnаlysis (оxidаtiоn), 

асhieving аn LОD оf 20 nM. This sensоr shоwed gооd seleсtivity tоwаrds SN; sрeсies with 

аnаlоgue struсtures suсh аs SMX, sulfаthiаzоle аnd sulfаdiаzine did nоt signifiсаntly 

interfere in the аnаlysis. The аррliсаbility оf this sensоr wаs tested in sрiked humаn serum 

аnd grоund wаter sаmрles, оbtаining reсоveries between 98 аnd 115% [68]. 

Аzithrоmyсin (АZY) аnd erythrоmyсin (ERY) аre frequently рresсribed mасrоlide 

аntibiоtiсs tо treаt mаny different bасteriаl infeсtiоns. Due tо their wide use, the diffiсulty 

оf remоving them by соmmоn wаstewаter treаtments аnd their frequent deteсtiоn in wаter 

bоdies, АZY аnd ERY were inсluded in the EU Wаtсh List (Deсisiоn 2018/840/ EU) оf 

substаnсes thаt соuld роse а signifiсаnt risk tо аquаtiс envirоnments [69, 70]. Reсently, 

Rebelо et аl reроrted а lоw-соst аnd user-friendly eleсtrосhemiсаl MIР sensоr tо deteсt АZY 

in wаter. By а соmрutаtiоnаl study bаsed оn density funсtiоnаl theоry (DFT), 4 -
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аminоbenzоiс асid (4-АBА) wаs сhоsen аs the mоst suitаble mоnоmer, whiсh wаs 

eleсtrороlymerised оn the surfасe оf а SРСE. The аnаlysis оf АZY wаs рerfоrmed by its 

оxidаtiоn using DРV (LОD = 80 nM) аnd the sensоr disрlаyed greаt reсоgnitiоn behаviоur 

in the рresenсe оf оther interfering соmроunds. It wаs suссessfully аррlied tо the аnаlysis 

оf sрiked tар wаter аnd wаter sаmрles соlleсted uрstreаm оf а WWTР оutрut in the Аve 

river (Роrtugаl) [70]. А similаr system wаs used by Аyаnkоjо et аl tо оbtаin the first ERY-

seleсtive MIР film integrаted with а sсreen рrinted gоld eleсtrоde (SРАuE). In their wоrk, 

the MIР wаs generаted direсtly оn the SРАuE viа eleсtrороlymerisаtiоn оf m-

рhenylenediаmine (m-РD). DРV meаsurements рerfоrmed using а [Fe(СN)6] 3−/4− redоx 

рrоbe, аllоwed the determinаtiоn ERY with аn LОD оf 0.1 nM [69]. 

Оther substаnсes рresent in envirоnmentаl wаters аt соnсentrаtiоns оf tоxiсоlоgiсаl 

аnd саrсinоgeniс соnсern аre hоrmоnes, esрeсiаlly 17-β-estrаdiоl (E2). E2 is соmmоnly 

used in соntrасeрtive рills аnd its releаse in wаter hаs gаined nоtаble аttentiоn [71]. In а 

reсent study, MIР mаgnetiс соmроsites (Fe3О4-MIРs) hаve been emрlоyed fоr а rаnge оf 

mоleсules, with аn аррliсаtiоn fоr E2 in river wаter [72]. The раrаmeters аffeсting these 

соmроsites hаve been exрlоred, with рH аnd inсubаtiоn time hаving the mоst nоtаble 

influenсe. The Fe3О4-MIР sensоr орerаting mоde relies оn аmрlifiсаtiоn оf the 17-b-

estrаdiоl оxidаtiоn сurrent using squаre-wаve vоltаmmetry, reасhing а LОD оf 20 nM. 

In this direction, we designed novel biomimetic co-polymer sensing layers for the 

selective molecular recognition of salicylamide; an emerging pharmaceutical contaminant 

in aqueous medium. Combining co-electropolymerization and molecular imprinting 

technology provides improved properties of functional materials and enhanced number of 

binding sites. Electrosynthesis of molecularly imprinted poly (aniline-co-3,4-ethylenedioxy-

thiophene) will be described and studied in the next chapter.
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1. Introduction 

A presentation of the different techniques and experimental protocols used in the 

present work will be given in this chapter. Electrochemical measurements and 

characterization techniques are demonstrated with the preparation procedures of electrodes 

and solutions. Then, electrochemical transduction will be described with a brief presentation 

of the different electronic configurations and used procedures. Preparation of 

electrosynthesized molecularly imprinted conducting polymers and copolymer; polyaniline 

(PAn), poly(3,4ethylenedioxythiophene) (PEDOT) and poly(AnEDOT) as well as Non 

imprinted conducting copolymer film will be demonstrated, in order to investigate our 

intelligent and novel MICP sensor performance, characteristics and practicality in the 

detection of salicylamide in water.  

1.1.  Chemicals 

The 3,4-Ethylenedioxythiophene, EDOT and aniline used as functional monomers 

(FM) were purchased from Sigma-Aldrich. Perchloric acid used as supporting electrolyte 

during both co-electropolymerization of EDOT and aniline as well as electropolymerization 

of EDOT was purchased from Fluka, sulfuric acid was provided from Fluka and utilized as 

supporting electrolyte during electropolymerization of aniline. Pharmaceuticals used as 

target molecules (Figure 15): Salicylamide, SMD, Ibuprofen, IBP, (isobutylphenylpropionic 

acid), Sulfanilamide, SN, (p-Aminobenzenesulfonamide), Naproxen, NA, (Naprox Sodium), 

Ascorbic acid, AA, (ascorbate), were obtained from Aldrich. Ethanol, was obtained from 

Honeywell Riedel-de-Haën and was used as solvent. Acetonitrile, ACN, used as extraction 

solvent was purchased from Merck. 

 

 

 

 

 

 

 
 

Figure 15. Schematic representation of the cleaning process of a gold electrode. 
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1.2.   Electrodes and electrochemical apparatus 

Different types of electrodes were used: platinum counter electrodes and gold working 

electrodes with an active surface area of 0,52 cm2 and 0.19 cm2 respectively, and Thickness 

of 300 nm were provided from Laboratory for Analysis and Architecture of Systems: 

Toulouse, France. 

1.2.1. Preparation of working electrodes 

Before electrochemical deposition or starting any surface modifications, the gold 

electrodes must be pre-cleaned in order to activate the surface and obtain a good 

electrochemical response. The cleaning is done in two stages; a first step which consists in 

removing the resin layer on the gold surface, the electrode is then entirely dipped in acetone 

for 10 min. In a second step, the electrode is cleaned with a "piranha" mixture. This solution 

is composed of (2/3) volumes of concentrated sulfuric acid (96%), H2SO4, with 3 volumes 

of hydrogen peroxide, H2O2. The electrode is then left for 1 minute in the solution. After this 

treatment, the electrode is rinsed extensively with distilled water and then ethanol and is left 

to dry in the open air [103] (Figure 16). 

With piranha solution Being both strongly acidic and a strong oxidizer, it is extremely 

energetic and explosive if not handled with extreme caution (exothermic reaction). This 

mixture is prepared beforehand, putting sulfuric acid first, followed by hydrogen peroxide 

[104]. 

 

 

 

 

 

 

 

 

                  

1.2.2. Instrumentation, Hardware and Software 

The working principle of an electrochemical sensor is to measure and analyse certain 

variables of an electrochemical cell. This is purely done by analysing the difference in 

potential, current, or concentration by using three-electrode sensing system [105]. Reference 

  

Immersion in acetone for 10 

min 

Immersion in piranha solution 

for 1 min 

Rinsing extensively with 

distilled water and ethanol 

mixture 

Figure 16. Schematic representation of the cleaning process of a gold electrode. 
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electrode, counter/auxiliary electrode, and the working electrode are the key components 

that made up the three-electrode system. Each electrode has its own unique purpose to the 

system. Reference electrode points to the electrode that has an established electrode 

potential. Meanwhile, counter electrode is responsible in ensuring that the current will not 

be able to get through the reference electrode. Along with the working electrode, which is 

the medium of transportation for the electrons, the three-electrode system will eventually 

produce the redox reaction inside the electrochemical cell [106], [107]. The redox reaction 

occurs when there is an electron transfer from one space to another. The three-electrode 

system work together as the potential of a working electrode is sustained at the same level 

compared to the Reference electrode by adjusting and balancing the current at counter 

electrode [108]. When the potential is applied to the system, the electrons will be transferred 

from one electrode to another inside the solution, which in turn will produce the current 

through the system. 

The potentiostat cell cable can be configured for three-electrode experiments by 

appropriate connection of the drive and sense lines. To drive current between the working 

and counter electrodes, the working electrode drive is connected to the working electrode, 

and the counter electrode drive is connected to the counter electrode.  To measure potential 

between the working and reference electrodes, the working electrode sense is also connected 

to the working electrode, and the reference electrode sense is connected to the reference 

electrode [109]. 

Noting that the three-electrode cell configuration requires both the working electrode 

drive and sense to be connected at a point very near the working electrode.  An easy way to 

make this connection is to stack the plugs for the working electrode drive and sense together 

before connecting to the working electrode.  Both of these leads must be connected to the 

working electrode for the potentiostat to properly control the electrochemical cell [110]. 

Just as mentioned above, our electrochemical set involved a three-electrode cell, where 

gold electrodes acted as working electrodes, and the platinum ones as counter electrodes. All 

potentials were controlled vs. Ag/AgCl reference electrode. All measurements were 

performed at room temperature. 

Cyclic voltammetry, square wave voltammetry measurements were performed on a 

PalmSens (Emstat3) instrument controlled by Ps Trace software. 

 



                                                                                                              Chapter 2: Instruments and Experimental Techniques 

 

 35 
 

 

 

                  

 

 

 

 

 

 

 

 

 

 

 

                    

1.3.  Poly(3,4ethylenedioxythiophene) and Polyaniline electrosynthesis 

Poly(3,4ethylenedioxythiophene) (PEDOT) is one of the widely used conducting 

polymers for detection devices [111]. It has a low oxidation potential and moderate band gap 

with good stability and transparency in the oxidized state, high electrical conductivity, 

excellent thermal stability, intrinsically low thermal conductivity and low price [112]. In 

parallel, electropolymerization is one of the methods used for the preparation of polymer 

film with good quality. It allows the reproducible formation of organic polymer films with 

precise spatial resolution. Moreover, film thicknesses are easily controlled by the deposition 

charge and the polymer is directly obtained in his conducting state. Thus, electrodeposition 

protocol of Poly(EDOT) is easier compared to others strategies of electrode modifications. 

Finally, ethylenedioxythiophene (EDOT) is a commercially available monomer that 

eliminates synthesis steps [113].  

 

 

 

 

Platinum counter electrode 

Gold working electrode 

Calomel reference electrode 

Three-Electrode Setup 

 

Figure 18. Proposed mechanism of EDOT electropolymerization. 

 

Figure 17. Schematic representation of the construction of electrochemical MIP sensor. 
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Polyaniline is probably the eldest known electro-conducting polymer, since it was used 

for textile coloring one century ago. The great interest in research of polyaniline is connected 

to discovery of its conductivity in the form of emeraldine salt and existence of different 

oxidation forms Polyaniline obtained by electrochemical polymerization is usually deposited 

on the electrode [114], however electro-hydrodinamic route was also developed resulting in 

polyaniline colloids of specific functionalities. Electrochemical polymerization of aniline is 

routinely carried out in strongly acidic aqueous electrolytes, through generally accepted 

mechanism which involves formation of anilinium radical cation by aniline oxidation on the 

electrode. Electrochemical polymerization of aniline is proved to be auto-catalyzed. The 

experimental conditions, such as: electrode material, electrolyte composition, dopant anions, 

pH of the electrolyte etc., all have strong influence on the nature of the polymerization 

process [115]. The low pH is almost always needed for preparation of the conductive 

polyaniline in the form of emeraldine salt, since it is evidenced that at higher pH, the 

deposited film is consisted of low chain oligomeric material. The doping anion incorporated 

into polymer usually determines the morphology, conductivity, rate of the polyaniline 

growth during electrochemical polymerization, and has influence on degradation process 

[115]. 

 

 

 

 

 

However, Poly(EDOT) and Poly(An) present some limitations associated with their 

low functionality, compability and stability are usually synthesized in the presence of other 

molecules such as polymer derivatives, dopants and stabilizers. In order to overcome this 

deficiency in a facial one step approach, we synthesized aniline–EDOT copolymer  through 

in situ co-electropolymerization method. Electrochemical characterizations of the product 

proved that copolymerization of aniline with EDOT led to a considerable improvement in 

conductivity, binding properties and stability of the deposited film on gold electrodes 

compared with poly(An) and poly(EDOT) films [116]. 

 

Figure 19. Proposed mechanism of aniline electropolymerization. 
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The main motivation for preparing copolymer composites lies in the possibility that 

these materials will display better properties and also to overcome the limitation of the 

rareness of new conjugated -bond-containing monomers. The preparation of copolymers 

from a pair of monomers will lead to an increase of the number of conductive polymers 

obtained from the same set of monomers. Copolymerization allows chemical modification 

as well as the introduction of specific functional groups to side substituents to control the 

physicochemical properties of materials [117, 118]. 

The co-electropolymerization of EDOT and aniline to copolymer poly(AnEDOT) 

proceeds through the formation of radical cations by redox reaction, which causes the 

reorganization of electronic structures, to give two semiquinone radical cations [119]. These 

radical cations lead to the formation of dimer, which was further oxidized to form stable 

electrically conducting polymer (Figure). 

1.4.  Electrosynthesis of Molecularly imprinted conducting polymers and copolymers 

In this work, molecularly imprinted conducting polymers or copolymers, MICP-based 

sensitive layers, were electrochemically obtained by electropolymerization of EDOT 

monomer in the presence of SMD target molecules (functional monomer, FM = EDOT), by 

electropolymerization of aniline monomer in the presence of SMD target molecules 

(functional monomer, FM = An) or by co-electropolymerization of EDOT with An 

associated by non covalent interactions with SMD target molecules. For clarity, for all 

functional monomers (FM) used, the obtained Poly(EDOT/SMD) polymers, Poly(An/SMD) 

polymers and Poly(AnEDOT/SMD) copolymers are noted FM-MICP (or MICP).  

For Poly(EDOT/SMD) preparation, FM functional monomer (EDOT) at a 

concentration of 0.1 M were dissolved in solvent (ethanol), in the presence of HClO4 (0.1 M 

as supporting electrolyte), together with SMD molecules at a concentration of 0.05 M. A 

sufficient lap of time of 30 minutes with continuous stirring at a constant speed was used in 

order to favor the association between FM and SMD, through non covalent interactions. 

After that, EDOT with template molecules was deposited on the gold electrode surface using 

cyclic voltammetry in potential range from -0.4 to 1.3 V during 20 cycles (Figure 21). 
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Figure 20. Proposed mechanism of copolymerization of aniline and EDOT. 
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Aniline and SMD molecules deposition on gold electrode surface was also executed 

using cyclic voltammetry in potential range from -0.2 to 0.7 V during 20 cycles, and the pre 

polymerization mixture was formed under similar conditions of electrolyte compositions in 

the presence of  H2SO4  (0.1 M as supporting electrolyte),  with FM functional monomer 

(An) at a concentration of 0.1 M. non covalent interactions between FM and SMD as shown 

in Figure 23. 

Poly(AnEDOT/SMD) film was obtained by co-electropolymerization of  functional 

monomers (EDOT) and (An) at a concentration of 0.1 M each, dissolved in solvent (ethanol), 

in the presence of 0.5 M HClO4 as supporting electrolyte, together with SMD molecules at 

a concentration of 0.1 M. This time a sufficient lap of time of 45 minutes with continuous 

stirring at a constant speed was used in order to favor the association between co-polymer 

and SMD, through non covalent interactions, in FM/SMD pre-polymerization complexe. 

Electrosynthesis of poly(AnEDOT/SMD) was achieved by electrodeposition on the gold 

electrode surface using cyclic voltammetry in potential range from -0.6 to 1.4 V during 20 

cycles. An illustration of hydrogen bonding between SMD template and co-polymer is 

presented in Figure 22. 

 

Ectropolymerization 

Pre-polymerization mixture 

 

 

Poly(EDOT) in the presence of salicylamide film deposited on a gold electrode 

Figure 21. Schematic of the electrosynthesis process of the MI-poly(EDOT) sensor for salicylamide detection. 
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Electropolymerization 

 

 

Poly(An) in the presence of salicylamide film deposited on a gold electrode 

Pre-polymerization mixture 

 

Figure 22. Proposed interaction between salicylamide and poly(AnEDOT) complex. 

 

Figure 23. Schematic of the electrosynthesis process of the MI-poly(An) sensor for salicylamide detection. 
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1.5.  Template removal 

Template removal is a critical step in the preparation of most molecularly imprinted 

polymers. The polymer network itself and the affinity of the imprinted cavities for the 

template make its removal hard. If there are remaining template molecules in the MIPs, less 

cavities will be available for rebinding, which decreases efficiency. Furthermore, if template 

bleeding occurs during analytical applications, errors will arise. Despite the relevance to the 

MIPs performance, template removal has received scarce attention and is currently the least 

cost-effective step of the MIP development. Attempts to reach complete template removal 

may involve the use of too drastic conditions in conventional extraction techniques, resulting 

in the damage or the collapse of the imprinted cavities [120, 121].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SYNTHESIZED MIP 

TEMPLATE REMOVAL 

Solvent extraction Physically-assisted 

extraction 

Subcritical or supercritical 

solvents 

Soxhlet                 

(solvent nature and 

volume) 
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Microwave-assisted 

extraction          

(solvent nature and 

volume, power) 

Ultrasound-assisted 

Extraction           
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volume, power) 

Subcritical water 

(pressure) 

Supercritical CO2 

(pressure, density) 

Pressurized liquid 

extraction          

(solvent nature and 

volume, power) 

Figure 24. The three main approaches available for template removal: extraction with common solvents, 

physically-assisted solvent extraction, and extraction with subcritical or supercritical fluids. The variables that 

determine the yield of each process, in add in [124]. 
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The current state-of-the-art on extraction comprises a wide variety techniques [122], 

some of them already well implanted in analytical chemistry but still scarcely applied for 

template removal. Each extraction technique has its own merits and to establish a decision 

tree for their selection is not easy since the nature and the stability of both the template and 

the MIP should be considered. Nevertheless, the following general rules should be taken into 

account: Simplicity of use, short operation time, environmentally friendly solvents, 

minimum amount of solvent, low economic cost, and possibility of becoming used at the 

industrial scale [123]. 

In order to remove the target molecules from FM-MICP matrixes, by destroying the 

non covalent intermolecular interactions which involve SMD and polymerized functional 

monomers, acetonitrile was used to wash the polymer-coated electrodes for 30 min at room 

temperature. This washing step leads to the desired creation of molecular imprinted cavities 

within the copolymer matrixes of FM-MICP (Figure 25). These cavities keep the memory 

of the interactions between FM functional monomers and SMD molecules. Indeed, the 

spatial distribution of the polymerized functional monomers into the polymer matrixes 

allows the precise matching of additional SMD molecules. Thus the so-prepared washed 

FM-MICP modified electrodes can act as sensors to quantify the presence of new additional 

SMD molecules thanks to the establishment of new intermolecular FM/SMD interactions 

between the probe-functionalized monomer units and the target molecules (Figure 26, 

Electrosynthesis of MI poly(AnEDOT), SMD detection).  

 

 

 

 

 

 

 

 In order to check the ability of MI-poly(AnEDOT) to interact with newly added SMD 

targets, the modified electrode was immersed for 10 min in 13.7 ppm SMD solution at room 

temperature. The presence of added template targets and consequently the specific 

recognition process was then analyzed using an electrochemical method (chapters 3). 

 

Rinsing extensively with distilled 

water 

Immersion in acetonitrile for 30 min 

Figure 25. Schematic representation of salicylamide solvent extraction process. 
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Figure 26. Schematic of the electrosynthesis process of the MI-poly(AnEDOT) sensor for salicylamide detection. 
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         Contrarily to MI-poly(AnEDOT), Non-imprinted -poly(AnEDOT) layers are 

synthesized in the absence of SMD molecules. As a consequence, no specific cavities are 

presented in the structure of FM-NICP layers. In order to check the ability of FM-NICP to 

interact with newly added SMD target molecules, the modified electrodes were immersed 

for 10 min in 10-4 M SMD solution at room temperature. The presence of added pesticides 

and consequently the non-specific recognition process was analyzed using an 

electrochemical method (chapter3). 

1.6.  Electrosynthesis of Non-imprinted conducting polymers 

Another type of film, non-imprinted conducting copolymer, NICP, was also 

electrochemically prepared, but in the absence of target molecules in the pre-polymerization 

media (Figure 21, electrosynthesis). NICP polymers were synthesized by co-

electropolymerization of EDOT and An in the absence of SMD molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co-electropolymerization 

Pre-polymerization mixture 

 

 
 Poly(AnEDOT) 

Poly(AnEDOT) in the absence of salicylamide film deposited on a gold electrode 

Figure 27. Schematic of the electrosynthesis process of the NI-poly(AnEDOT) sensor for SMD detection. 
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For NICP preparation, FM functional monomers (EDOT, An) at a concentration of  0.1 

M each were dissolved in solvent (ethanol), in the presence of HClO4 (0.5 M) but in the 

absence of SMD molecules. The electrodeposition on the gold electrode surface was 

executed using cyclic voltammetry in potential range from -0.6 to 1.4 V during 20 cycles.  

1.7.   Measurement of salicylamide using poly(AnEDOT) film coated electrode 

The fabricated sensor was tested at different concentration of salicylamide ranging 

from 2 × 10-6 to 1 × 68.5 ppm, using electrochemical cell with SWV mode. the sensor 

response was monitored by PS Trace software. The potential range employed was -0.6 to +1 

V vs. Ag/AgCl with the modulation amplitude at 0.05 V. The measurements were carried 

out using pH 5 PBS (0.5 M) solution at the electrochemical medium. The electrode coated 

with poly(AnEDOT) possessing salicylamide imprinted sites was on the working Au 

electrode and the platinum and  Ag/AgCl was the counter and reference electrodes. The 

potential change in the electrochemical cell by different concentrations of salicylamide was 

determined and the resulted data was normalised to construct standard calibration curve.  

Besides, the limit of detection was calculated using the equation described in the next 

chapter. 

1.8.  Selectivity of the MICP sensor 

The MICP sensor was tested for other pharmaceuticals such as ibuprofen, naproxen, 

sulfanilamide and ascorbic acid with the concentration ranged from 2 × 10-6 to 1 × 68.5 ppm. 

The MICP sensor response was compared to non-NICP sensor to determine the degree of 

effect of salicylamide imprinting [125]. 

1.9.  Analysis of real samples 

The prepared MICP sensor was used to test Tap water samples for salicylamide with 

the concentration ranged from 2 × 10-6 to 1 × 68.5 ppm and the resulted data was normalised 

to construct standard calibration curve. It is worth nothing that the pH of the water samples 

needs to be adjusted to 5. The salicylamide in the real water sample was measured by SWV, 

and the was calculated to confirm the accuracy of the prepared MICP sensor for practical 

use [126]. 
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1. Introduction  

In this chapter experimental results will be presented and discussed in order to optimize 

the electrosynthesis as well as the properties of the sensing layers based on molecularly 

imprinted conducting polymers. A detailed discussion will be presented on the 

characteristics of the sensing layers which lead to the obtained properties of the sensor. Also, 

the electrochemical transduction of the sensor will be demonstrated with a study of the 

recognition properties, selectivity, sensitivity, repeatability and reproducibility. 

1.1.  Results and discussions 

1.1.1. Electrochemical polymerization of composite thin films 

1.1.1.1.  Molecularly imprinted poly(EDOT) thin film electrosynthesis 

Figure 28 shows the cyclic voltammogram registered during the electropolymerization 

of poly(EDOT) on the surface of gold electrode within the potential ranging from -0.4 V to 

1.3 V at a fixed scan rate of 0.08 V/s  in 0.1 M HClO4 electrolyte consisting of  0.1 M EDOT 

and 0.05 M SMD. The amount of current at given potential differs, and the charge increased 

as a function of the number of cycles, which is typical during the electrochemical formation 

of conducting polymers [112]. Two broad peaks of current density are observed due to 

doping-undoping process. After 20 cycles in ethanol, a dark coloured polymer film is 

observed on the gold electrode surface. 

1.1.1.2.  Molecularly imprinted poly(An) thin film electrosynthesis 

Voltammogram of aniline electropolymerization for 20 cycles within the potential 

ranging from -0.2 V to 0.7 V at a fixed scan rate of  0.05 V/s in  0.1 M H2SO4 electrolyte 

consisting of  0.1 M An and 0.05 M SMD are shown at Figure 29. The current is increased 

gradually for further cycles. It means the polyaniline layers have formed on the surface of 

gold electrode successfully. There are two peaks observed in anodic and only one peak in 

cathodic sweep. Anodic peak observed at +0.37 V with current responses from 212 to 367 

μA, and at +0.42 mV with current responses from 215 to 400 μA. The cathodic peak was 

found at 0.2 V and with current responses from -220 to -370 μA. Peak at +0.42 V is the 

oxidation peak of salicylamide while peak at +0.37 V is the oxidation peak of 

leucoemeraldine (Polyaniline in fully reduced state) which is oxidized into emeraldine 

(Polyaniline in semioxidized state) [115]. 
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Figure 29. Voltammogram of aniline electropolymerization on the surface of gold electrode in the presence of 

salicylamide template. 

 

Figure 28. Voltammogram of EDOT electropolymerization on the surface of gold electrode in the presence of 

salicylamide template. 
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1.1.1.3.  Molecularly imprinted poly(AnEDOT) thin film electrosynthesis 

The co-electropolymerization of aniline and EDOT in the presence of salicymalide 

leads to the inclusion of the template molecule in the copolymer matrix during its growth. 

The intention of co-electrosynthesizing poly(AnEDOT) thin film (following the protocol 

mentioned in chapter 2) was to bring together different units such as -C=O-, -N-, -NH- and 

-OH to interact with SMD in multiple ways (chapter 2, Figure 26), the electrochemical co-

polymerization on the gold electrode surface was performed by cyclic voltammetry with and 

without the presence of the template SMD in the co-monomer solution, see Figures 30 and 

31. In both cases, we can observe the anodic current that increase after 0.38 V vs Ag/AgCl 

due to the oxidation of the aniline on gold electrode with the current peak at 180 μA (both 

MIP and NIP), and the increase in the anodic current after 0.9 V vs Ag/AgCl is due to the 

oxidation of EDOT with the current peak at 138 and 200 μA respectively in the solutions 

without and with 0.1 M of the SMD template. The well-known reversible oxidation-

reduction behavior of polyaniline [115] is also clearly observed at around 0.25 V vs Ag/AgCl 

for the reduction process in our MIP-SMD electrode. The potential shift is probably due to 

the presence of salicylamide in the solution which itself is oxidized at a potential around 0.4 

V, see below, Figure 30. In both voltammograms of MIP and NIP, co-electropolymerization 

shows that the aniline and EDOT oxidation peaks increase continuously due to the change 

in the nature of the electrode surface after the deposition of the copolymer. 
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 Figure 30. Voltammogram of aniline and EDOT co-electropolymerization on the surface of gold 

electrode in the presence of salicylamide template. 
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1.1.2. Extraction of the template molecule 

The template extraction was achieved by the procedure described in chapter 2 by 

solvent extraction. From SWV measurements We observed an oxidation peak, at around 

0.45 V vs Ag/AgCl, corresponding to the salicylamide trapped within the copolymeric 

matrix (Figure 32). The follow up of variations of peak currents determined, versus 

extraction duration in acetonitrile solvent, indicate that extracting SMD during 30 min is 

the most appropriate compromise between template extraction and keeping intact the 

poly(AnEDOT) matrix. Actually, a duration of 30 min permits the reduction in the current 

peak attributed to SMD oxidation by about 93% (Figure 33) without altering the 

morphological structure of the MICP. This method of template extraction is easy to achieve 

and avoids the use of a variety of chemical reagents [127]. Moreover, the voltammograms 

obtained validated the removal of the template. 

Figure 31. Voltammogram of aniline and EDOT co-electropolymerization on the surface of gold 

electrode in the absence of salicylamide template. 
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Figure 32. Follow-up of square wave voltammetric peak current variation during the extraction 

in acetonitrile. 

 

Figure 33. Follow-up of the peak current variation versus the extraction duration in 

acetonitrile. Each value of the histogram, represented with its error bar, corresponds to the 

mean value obtained from three experiments. 
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1.1.3. Electrochemical Characterization of Modified Gold Electrodes 

Electrochemical technique namely CV was used for the characterization of modified 

gold electrodes using both MICP and NICP technologies in the presence of [Fe(CN)6]3 

/[Fe(CN)6]4- as a probe (Figure 34). Electrocatalytic property of bare gold electrode surface 

without any modification, MCIP modified gold electrode toward SMD and NICP was 

checked using CV by cycling within the potential range from -0.6 V to 1.4 V at a fixed scan 

rate of 0.2 V/s. The gold bare electrode shows a pair of well-shaped redox peaks (curve in 

black color), The formation of MIP film on gold electrode resulted in an incitement of the 

ferro/ferricyanide redox peaks, indicating the deposition of a highly conducting polymer film 

on the gold surface, which impeded the electron transfer of the redox probe (curve in blue 

color). When the MICP modified electrode soaked in acetonitrile for 30 min to remove 

template molecules, the oxidation and reduction peak current increase obviously with the 

disappearance of the oxidation peak of salicylamide due to the emptied cavities, which 

formed after template removal (curve in fuchsia color), and the absent of SMD oxidation 

peak in case of NICP film (curve in maroon color) confirms the formation of SMD imprinted 

poly(AnEDOT) membrane on the gold electrode surface.  

. 

-0,5 0,0 0,5 1,0 1,5

-5000

0

5000

10000

15000

Potential (V)

C
u

rr
en

t 
(µ

A
)

 Bare electrode

 NIP electrode

 MIP electrode

 MIP electrode after removing template

 Figure 34. Cyclic voltammograms in at a fixed scan rate of 0.2 V/s for bare gold electrode without 

any modification, NICP electrode, MICP electrode before and after template extraction. 
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1.2.  Salicylamide Detection 

Prior to SMD detection, we have tried to assess the possible effects of non-specific 

adsorption between SMD analytes and the poly(AnEDOT) matrix. For this purpose, we have 

prepared two electrodes. The first one was functionalized with a poly(AnEDOT) MIP before 

being extracted with the acetonitrile solvent and then incubated during 30 min in a 13.7 ppm 

solution of SMD. This electrode was characterized by SWV at each of the above-mentioned 

steps. The second one, coated with NIP, was also characterized by the same technique before 

and after incubation. 

The examination of the voltammograms presented in Figure 35 clearly shows the 

oxidation peak of SMD at 0.45 V, appearing for the MIP containing the template. This peak 

is quasi-absent in the response of the extracted MIP (red line), indicating an almost total 

extraction of the template. The oxidation peak reappears after the incubation of the extracted 

polymer in a SMD solution, with the same current peak magnitude than the MIP (before 

extraction). These results indicate that it is possible to perfectly remove and uptake SMD 

molecules from the vicinity of the designed MIP, thus offering accessible sensing cavities. 
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Figure 35. Square wave voltammograms of a MIP-SMD film coated electrode, before and after 

SMD extraction, a NIP, and the further extracted MIP incubated in a 13.7 ppm solution of SMD. 
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As expected, the voltammogram of the non-imprinted polymer (NIP) incubated in a 

SMD solution shows a slight oxidation peak, which is comparable to that of the extracted 

MIP. This can be attributed to the nonspecific adsorption, and can be explained by the fact 

that at pH 5 (the pH at which the measurements were done), the functional carboxyl groups 

of SMDs are negatively charged and can interact with the positively-charged N-H groups of 

the polyaniline units present at the surface. This value remains, however, largely lower than 

that of the MIP after incubation in SMD solution, indicating the weak character of the above-

mentioned interaction.  

The sensing performance of MICP and NICP films was determined using salicylamide 

solution of different strengths i.e., 2 × 10-6 to 1 × 68.5 ppm in the electrochemical cell in the 

presence of  pH 5 PBS (0.5 M) buffer solution (pH adjusted using 0.1 M H2SO4).  

SWV measurements were used to determine the corresponding oxidation current for 

several additions of SMD concentrations (Figure 36). For the sensor based on molecularly 

imprinted poly(AnEDOT) film, the voltammograms exhibit a single well-defined anodic 

peak at about 4.5 V, which is gradually increasing with increase in concentrations of SMD, 

translating the selective binding of salicylamide molecules, the MIP’s functionalized cavities 

have, thus,  recognized the further SMD analytes. Calibration curve for SMD detection is 

obtained by plotting the oxidation current determined from SWV against logarithms of SMD 

concentrations using the poly(AnEDOT) film modified gold electrode. As shown in Figure 

38, a linear range was observed with the regression equation I (μA) = 134.19666+ 22.22482 

Log [SMD] ppm (R2=0.99926). The linearity might be due to the presence of homogeneous 

binding sites for SMD formed during the co- electropolymerization. 

For the sensor based on non-imprinted poly(AnEDOT) film, SWV voltammograms 

showed a slight oxidation peak that can be explained by the non-selective adsorption of SMD 

anlytes. Which is incomparable to the intense response of the sensor based on extracted 

molecularly imprinted poly(AnEDOT) membrane. a linear range was observed with the 

regression equation I (μA) = 18.03835 + 2.51058 Log [SMD] ppm (R2=0.9997) from the 

calibration curve showed in Figure 37, which can be explained in this case by the linearity 

that might be due to the presence of homogeneous non-selective binding sites during co-

electropolymerization of aniline and EDOT. 
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Figure 39 shows the relationship between the peak currents measured by SWV and the 

logarithms of the corresponding SMD concentrations. It can be noticed that the current 

response has a good linear relationship with logarithms of SMD concentrations. 
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Figure 36. Square wave voltammetry response to the SMD analyte of different concentrations at the 

MIP-SMD film coated electrode in pH 5 phosphate-buffered saline solution. 

Figure 37. Square wave voltammetry response to the SMD analyte of different concentrations at the 

NIP film coated electrode in pH 5 phosphate-buffered saline solution. 
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The great and obvious difference between NICP and their relative MICP shown in 

Figures 38 and 39 was definitely attributed to imprinting easily proving that the MICP 

exhibited a higher adsorption capacity for SMD. 
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Figure 38. Calibration curves for SMD at the MIP-SMD and NIP film coated electrodes in pH 

5 phosphate-buffered saline solution. Each value of the histogram, represented with its error 

bar, corresponds to the mean value obtained from three experiments. 

 

Figure 39. Relative charges corresponding to the detection by molecularly imprinted 

poly(AnEDOT/SMD) and non imprinted poly(AnEDOT) of Salicylamide (SMD), at pH 5 PBS 

buffer. Relative charges were deduced from SWV. Each value of the histogram, represented with its 

error bar, corresponds to the mean value obtained from three experiments. 

 



                                                                                                                                            Chapter 3: Results and Discussions 
  
 

 56 

  

1.3.  Salicylamide detection mechanism by molecularly imprinted poly(AnEDOT) film 

There are hydrogen bond donor/acceptor interaction between molecularly imprinted 

poly(AnEDOT) film and SMD as well as π-donor/π-acceptor interaction between 

polyaniline moieties and SMD molecules as has been shown in the previous chapter. The 

conductivity of the poly(AnEDOT) film is partly based on polyaniline, a conjugated polymer 

electron donor. This conductivity is increased when the concentration of SMD molecules in 

the polymer increases which is reasoned out to be due to the electroactivity of the SMD 

molecule. Electroactive dopants have a significant effect on the conductivity, morphology 

and stability of polyaniline-based polymer films [128]. These properties depend on the 

molecular size and polar characteristics of the dopants. Furthermore, the delocalization of 

charges forms acceptor type sites and causes the events of electron transfer rates of to be 

increased when the amount of SMD increases. This event has been supported by the increase 

of electron transfer rate for poly(AnEDOT) film when concentration of nitrogen containing 

aromatic compounds increases [129]. 

1.4.  Selectivity of molecularly imprinted poly(AnEDOT) film towards SMD 

The important performance of MIP sensors is the selective recognition of template 

molecules [125]. The MICP-based sensitive layer enables the quantitative detection of SMD, 

due to the presence of pre-shaped functionalized cavities in the MICP backbone. The 

washing step of MICP allows the extraction of SMD molecules from the copolymer, which 

leaves molecular prints of SMD in the matrix of the copolymer. These prints are specific, 

and possess a precise 3-Dimensional distribution of the functionalities able to engage 

hydrogen bonding with their counterparts, in SMD target molecules. 

In order to evaluate the selectivity of our proposed sensor to SMD template, four 

different sensors based on molecularly imprinted poly(AnEDOT) using SMD as the template 

were prepared with the same characteristics following the same conditions, interference 

experiments were carried out in the presence of two anti-inflammatory drugs; ibuprofen 

(IBP) and naproxen (NA), an antibacterial medication; sulfanilamide (SN) and ascorbic acid 

(AA), which usually exist in environmental water. these molecules differ by their molecular 

size and structure, although presenting the same chemical functionalities able to establish 

hydrogen-bonds by with the preformed functionalized cavities by the functional carbonyl 

and amino groups linked to the aromatic structure, but their size, their structure and the 

spatial distribution of the functionalities are very different from those of SMD molecule. 
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 In order to check and to compare the ability of “washed MICP” to detect the presence 

of these molecules, the same range of concentration of each interference was injected in the 

electrochemical cell containing pH 5 PBS buffer. Then, SWV was carried out, as previously 

indicated, in order to quantify the detection of these target molecules (Figures 40-43). Hence, 

the relative charges corresponding to each target molecule were displayed on histogram in 

Figure 45. 
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Figure 40. Square wave voltammetry response to the ascorbic acid analyte of different concentrations 

at the MIP-SMD film coated electrode in pH 5 phosphate-buffered saline solution. 

Figure 41. Square wave voltammetry response to the naproxen analyte of different concentrations 

at the MIP-SMD film coated electrode in pH 5 phosphate-buffered saline solution. 
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 Figure 43. Square wave voltammetry response to the sulfanilamide analyte of different concentrations 

at the MIP-SMD film coated electrode in pH 5 phosphate-buffered saline solution. 

Figure 42. Square wave voltammetry response to the ibuprofen analyte of different concentrations 

at the MIP-SMD film coated electrode in pH 5 phosphate-buffered saline solution 
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As shown in the four Figures above, the affinity of the molecularly imprinted 

poly(AnEDOT/SMD)  based sensor depends on the nature of pharmaceutical target. The low 

relative charge of detection of each interference molecules indicates that their recognition is 

far less important when compared to SMD molecules. Results suggest that the steric 

bulkyness of the targets plays an important role on the recognition process. The weaker 

recognition of the four components when compared to SMD can be understood in terms of 

molecular size of the lateral chain. Although the presence of some of the same functionalities 

on IBP, AA, SN, NA and SMD molecules, the size difference prevents the specific 

recognition of these molecules by molecularly imprinted poly(AnEDOT/SMD) films. 

As a conclusion, interference molecules adsorb only at the polymer surface and are not 

specifically detected by imprinted cavities, thus, we can consider a good selectivity of 

molecularly imprinted poly(AnEDOT) towards SMD molecules, and the high sensitivity of 

the sensor towards MA was achieved despite the high similarity between these five 

molecules. This proves the effect of imprinting and template extraction processes to obtain 

cavities with high affinity for the template. 

Figure 44 shows the calibration curves for current intensity response, ∆Ianodic, to 

increased concentrations of IBP, AA, SN, NA and SMD with the molecularly imprinted 

poly(AnEDOT/SMD) sensors. Each of the linear equations obtained were shown in Figures 

(40-43).  
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 Figure 44. Calibration curves at five different MIP-SMD film coated electrodes for Salicylamide, 

ascorbic acid, naproxen, sulfanilamide, ibuprofen in pH 5 phosphate-buffered saline solution. 
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1.5.  Reproducibility and stability of sensor 

Reproducibility of imprinted polymers has a crucial role in developing applications that 

are reliable, economic and sustainable [130]. The fabrication reproducibility of 

poly(AnEDOT/SMD) was evaluated by preparing two electrodes under the same conditions 

and used for the detection of SMD within the same concentration range in PBS with pH 5 

by SWV (Figures 46 and 47) and the relative standard deviation (RSD) of the current  

responses were found to be 2.1 % for SMD, confirming that the developed fabrication 

method was highly repeatable with good precision. Measurement reproducibility was also 

tested for the proposed sensor by measuring the same quantity of SMD five times using the 

same electrode. The RSD of the measurements was 3.2% which is < 5 showing that there is 

good agreement among the individual measurements [131]. The obtained results 

demonstrate the excellent performance of the elaborated sensor to recognize the detection 

molecule with several uses, indicating good durability and robustness. 

 

Figure 45. Relative charges corresponding to the detection by molecularly imprinted poly(AnEDOT/SMD) 

of Ibuprofen (IBP), Sulfnilamide (SN), Naproxen (NA), Ascorbic acid (AA), Salicylamide (SMD), 

pharmaceuticalsat pH 5 PBS buffer. Relative charges were deduced from SWV. 
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Figure 46. Square wave voltammetry response to the SMD analyte of different concentrations at the 

MIP-SMD film coated electrode in pH 5 phosphate-buffered saline solution (Reproducibility test 1). 

Figure 47. Square wave voltammetry response to the SMD analyte of different concentrations at the 

MIP-SMD film coated electrode in pH 5 phosphate-buffered saline solution (Reproducibility test 2). 
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1.6.  Limit of detection and imprinting factor 

The limit of detection (LOD) of 7.88 × 10-6 ppm was achieved based on the LOD = 

3Sb/m, where Sb is the standard deviation of 10 blank measurements and m is the slope of 

the curve. To further verify the recognition selectivity, the efficiency of the imprinting effect 

was quantified by evaluating the imprint factor (IF) of the imprinted film. The average IF 

value for SMD detected by the molecularly imprinted poly(AnEDOT/SMD) sensor was 

determined using the eq. IF = ΔIMIP/ΔINIP [132]. Where, IMIP represents the current of 

molecularly imprinted poly(AnEDOT/SMD) film and INIP represents the current of non 

imprinted poly(AnEDOT) film  which are directly proportional to the concentration of the 

bound template SMD.  

The average IF for the present sensor is 2.74 for the concentrations of 1.1 × 10-5 and 

2.2 × 10-5 ppm. A high increase of the current value with the increase in the concentration 

of SMD is observed due to the presence of selective binding cavities on the surface of 

molecularly imprinted poly(AnEDOT/SMD).  

1.7.  Real sample analysis 

The applicability of this novel system for the detection of pharmaceutical emerging 

contaminant SMD in aqueous samples was determined by MIP analysis in fresh tap water. 

The proposed electrochemical SMD sensor was evaluated for real sample analysis using tap 

water samples free from SMD with adjusted pH of 5, used directly without any pretreatment 

steps. SWV voltammograms exhibited a single well-defined anodic peak at about 4.5 V, 

which was gradually increasing with increase in concentrations of SMD as shown in Figure 

48, confirming the selective binding of salicylamide molecules, Figure 49 shows a linear 

relationship between current and the logarithms of SMD concentrations in the range from    

2 × 10-6 to 1 × 68.5 ppm with a linear equation of I (μA) = 110.85122 + 18.45127 Log [SMD] 

ppm (R2= 0.999838) and the detection limit is found to be 9.29 × 10-6 ppm. 
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Figure 48. Square wave voltammetry response to the SMD analyte of different concentrations at 

the MIP film coated electrode in pH 5 tap water sample. 

Figure 49. Calibration curve for SMD at the MIP-SMD film coated electrodes in pH 5 tap water sample. 
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Further the repeatability of SMD imprinted poly(AnEDOT) film was investigated for 

three fixed concentrations of SMD solution for three SWV consecutive measurements 

(Figure 50). The peak current response to SMD detection with a single electrode resulted in 

the relative standard deviation (RSD) of 6.01 % demonstrating a very good reproducibility 

for this SMD sensor, which confirms that it would definitely be applied to for the accurate 

and reliable determination of SMD in real water samples (results are presented in the Table 

4 below). 
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Table4. Determination of SMD in tap water sample. 

 

 

 

Samples Added (ppm) Founded (ppm) RSD (%) 

Tap water 1 0 Not detected - 

Tap water 2 1.1 × 10-5 6.7 × 10-6 2.27 

Tap water 3 1.2 × 10-3 5.5 × 10-4 3.01 

Tap water 4 68.5 92.1 6.2 

Figure 50. Square wave voltammetry response to the SMD analyte of different three concentrations 

at the MIP film coated electrode in pH 5 tap water sample. 

 

Figure . Square wave voltammetry response to the SMD analyte of different three concentrations at 

the MIP film coated electrode in pH 5 tap water sample. 
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Conclusion  

The increased demand to more performing and accurate chemical sensors leads to the 

development of new materials dedicated for sensing applications. Functionalized 

Molecularly Imprinted Conducting Polymers (MICP) represent interesting candidates for the 

fabrication of such new sensing layers since they present a specific recognition ability and a 

compatibility with various transduction techniques. 

In this context, we developed molecularly imprinted poly(AnEDOT) sensing layers 

dedicated for the sensitive and specific detection of small electroactive organic molecules, 

such as salicylamide. Indeed, in such small molecules, the limited number of potential 

interactions with the sensing layers complexifies the recognition process, making it less 

sensitive and less selective. 

In this work, profound investigations were carried out on the synthesis, the 

characterization and the evaluation of the sensing properties towards salicylamide of four 

kinds of differently functionalized conducting polymers-based sensitive layers, PEDOT, 

NICP and MICP: 

i) Imprinted conducting polymer, PEDOT, was synthesized by electropolymerization 

of EDOT in the presence of salicylamide target molecules. 

ii) Imprinted conducting polymer, polyaniline, was electrosynthesized by 

electropolymerization of An in the presence of salicylamide target molecules. 

iii)  Imprinted conducting copolymers, MICP, were prepared by electrochemical co-

polymerization of EDOT and An in the presence of SMD. 

iv) Non-imprinted conducting copolymers, MICP, were prepared by electrochemical 

co-polymerization of EDOT and An in the absence of SMD. 

Characterizations and structural investigations of all these sensing polymer layers were 

carried out using electrochemical surface characterization techniques in order to understand 

the physico-chemistry of the recognition process and with the aim to improve the 

performance of the co-polymer layers in both their sensing and transducing 

(electrochemical) functionalities. To our knowledge, such a physico-chemical approach is 

very original in the field of sensors. 

We first optimized the synthesis of all the considered sensing layers (PEDOT, PAn, 

MI-poly(AnEDOT) and NICP) in ethanol solvent. All these layers were electrochemically 
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grown, which enabled a precise control of their thicknesses through the adjustment of the 

electropolymerization charges. The sensing properties of all layers were quantified through 

electrochemical measurements (by cyclic voltammetry and square wave voltammetry). The 

observed dependence of the recognition properties of the conducting layers with their 

thickness and roughness indicates that the interaction between the target molecules and the 

sensing groups of the sensor layers takes place, not only at the surface, but also into the bulk 

of the porous conducting polymer matrixes in a tri-dimensional geometry. However, the 

involved recognition process appears to be always limited by the diffusion of the target 

molecules into the polymer matrixes.  

In the case of PEDOT and PAn, the polymer layers do not favor the recognition process 

since only weak interactions can be involved between the EDOT and An units and the 

salicylamide target molecules. On the contrary, the presence of stronger interactions, due to 

FM residues, in the MI-poly(AnEDOT) layers enables the significant recognition of 

salicylamide through hydrogen-bonds. In comparison with NICP, the superior sensing 

properties of MICP layers result from the presence of pre-shaped imprinted cavities in their 

backbones which keep the memory of the salicylamide targets.  

In addition to their sensitivity, the so-developed MICP electrochemical sensing layers, 

when used for the detection of salicylamide in the optimal conditions, present a low limit of 

detection (7,88 × 10-6 ppm) and a large dynamic range (2 × 10-6 to 1 × 68.5 ppm), as shown 

by square wave voltammetry measurements. Nevertheless, non-specific adsorption onto the 

surface of the sensing layers takes place systematically, which affects the specificity and the 

selectivity of the recognition process.  

We demonstrated that, in order to fabricate the best sensing layers based on FM-MICP, 

strong interactions between FM and the template molecules are necessary in the pre-

polymerization complex and in the functionalized cavities into the MICP matrixes. However, 

these strong interactions are not sufficient since non-specific adsorption systematically exists 

and should be minimized. Among all the conducting layers studied in this work, we showed 

that the MI-poly(AnEDOT) based sensing layers are the best candidates for the preparation 

of highly sensitive sensors since they offer the best compromise between high level of 

specific detection and low level of non-specific adsorption. 

In order to validate our sensitive layers, and in particular the An/EDOT-functionalized 

MICP ones, we applied the developed sensors for the analysis of tap water matrices 

evidencing the applicability of the sensor for the detection of SMD in real samples. The 
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fabricated MI-poly(AnEDOT) based sensor is simple to fabricate, easy to operate, sensitive 

and selective towards the target analyte. Finally, the sensing layer is considered as the 

potential material for sensor fabrication for other analytes also. 
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