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𝑅 – ideal gas constant, 8.3145 J mol−1 K−1 

𝑅 – dynamic resistance, Ω 

𝑅2 – correlation coefficient 

𝑅ct – charge transfer resistance, Ω 
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𝑅s – resistance of electrolyte solution, Ω 

𝑆/𝑁 – signal-to-noise ratio 

𝑡 – time, s 

𝑡m – sampling time after pulse application, ms 

𝑇 – absolute temperature, K 

𝑇′ – frequency-independent proportionality factor 

𝑇𝑟𝑎𝑛𝑠 – transmittance 

𝜈 – potential scan rate, mV s−1 

𝑊 – Warburg impedance, Ω 

𝑊1/2 – DPV or SWV peak width at half height, mV 

𝑍 – impedance, Ω 

zA – charge of the determined ion A 

zB – charge of the interfering ion B 

𝑍𝐶𝑃𝐸 – impedance of a constant phase element, Ω 

𝑍im – imaginary component of impedance, Ω 

𝑍real – real component of impedance, Ω 

|𝑍| – magnitude of impedance 

 

𝛼 – charge transfer coefficient 

𝛽 – propagation constant of the propagating surface plasmon  

𝛤o
∗ – maximum electrode coverage with the oxidized species 

𝜀 – molar absorptivity coefficient, M−1 cm−1 or mL cm−1 g−1 

𝜀m – electric permittivity of the metal 

𝜂L – dynamic viscosity, cP 

𝜇q – shear modulus of quartz, 2.947 × 1011 g s−2 cm−1 

𝜌L – liquid density, g cm−3 

𝜌q – quartz density, 2.648 g cm−3 

𝜏 – staircase period, s 

𝜏′ – step width, s 

𝜑 – phase angle, ° 

𝛷spec – spectrometer work function 

𝜔 – angular frequency, rad s−1 
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Abstract (in English) 

Developing reliable, fast, simple, and cost-effective analytical procedures for 

determining toxins is still challenging.  Molecularly imprinted polymers (MIPs), a great 

example of bio-mimicking recognition materials, can meet this challenge. 

The present dissertation aimed to devise, fabricate and validate chemical sensors 

with MIPs as recognition units to selectively determine some toxins encountered in food 

and dietary supplements using the "gate effect."  It describes several crucial issues. 

The first part focuses on devising (MIP film)-based chemosensors selective  

to N-nitroso-L-proline (Pro-NO) food contaminant and p-synephrine (SYN) dietary 

supplement.  Initially, Pro-NO and SYN were used as templates.  First, the most 

appropriate functional monomers (FMs) were selected by calculating the stability of the 

pre-polymerization complexes of templates with selected thiophene-based FMs with the 

density functional theory (DFT).  Then, with the chosen FMs, MIP films were deposited 

on the surface of conducting transducers by potentiodynamic electropolymerization.  

Next, the templates were extracted from MIPs.  Complete removal of templates from 

polymers was confirmed by differential pulse voltammetry (DPV), electrochemical 

impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS), and 

polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS).  The 

deposited MIPs morphology was determined by surface imaging with atomic force 

microscopy (AFM).  The MIP chemosensors prepared that way were applied for Pro-

NO and SYN determination using DPV, EIS, piezoelectric microgravimetry (PM), or 

surface plasmon resonance (SPR) spectroscopy.  Moreover, analytical parameters of the 

chemosensors, including sensitivity, linear dynamic concentration range, selectivity, 

and the limit of detection (LOD), were determined. 

To better understand the operation principle of MIP-based chemosensors, the 

second part of the research details an investigation of the so-called "gate effect" 

mechanism for the electrodes coated with conductive MIP films.  Functionalized 

polythiophene polymer imprinted with SYN (SYN-MIP) film was used as a model 

polymer film.  Different techniques, including cyclic voltammetry (CV), DPV, EIS, 

SPR, AFM, and UV-vis spectroscopy, were applied to unravel mechanisms accounting 

for changes in the electrochemical signal recorded at the electrode coated with the SYN-

MIP film due to the binding of SYN analyte. 
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The above analysis enabled the devising of a self-reporting MIP electrochemical 

sensor with the covalently immobilized redox probe for label-free determination of the 

SYN model analyte.  For that purpose, a new monomer, a ferrocene derivative (FcM), 

was synthesized and used for MIP film preparation.  Its role was to provide an internal 

redox probe on the one hand and act as a cross-linking monomer on the other.  Applying 

the system, the same as for the traditional ("gate effect")-operated SYN-MIP film 

chemosensor, allowed comparing the analytical performance of those two chemical 

sensors fabricated.  Notably, the analytical parameters of the chemosensor with the 

covalently immobilized redox probe were superior compared to those determined for 

similar chemosensors lacking a self-reporting system. 

The final part of the thesis describes devising and testing self-reporting 

chemosensors for glyphosate (GLY) herbicide determination.  Electroactive molecularly 

imprinted nanoparticles (MIP NPs) with an internal redox probe were applied as 

recognition units in these sensors.  The MIP NPs were synthesized using a solid-phase 

synthesis protocol, then characterized, and then covalently immobilized on the surface 

of electrodes.  The electrochemical sensors prepared that way were successfully used 

for label-free sensing of GLY. 
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Abstract (in Polish) 

Opracowanie niezawodnych, szybkich, prostych i tanich procedur analitycznych do 

oznaczania substancji toksycznych to wciąż ogromne wyzwanie.  Przykładem 

materiałów rozpoznających, które mogą sprostać temu wyzwaniu są polimery 

wdrukowane molekularne (ang. molecularly imprinted polymers, MIPs). 

Niniejsza rozprawa doktorska przedstawia badania przeprowadzone w celu 

opracowania, wykonania i sprawdzenia działania czujników elektrochemicznych, w 

których jako jednostki rozpoznające zastosowaliśmy MIP-y do selektywnego 

oznaczania wybranych substancji toksycznych występujących w żywności i 

suplementach diety z wykorzystaniem "efektu bramki".  Rozprawa obejmuje kilka 

wzajemnie powiązanych zagadnień. 

W pierwszej części przedstawiliśmy badania uwieńczone opracowaniem czujników 

elektrochemicznych z warstwami MIP-ów jako elementami rozpoznającymi, 

selektywnymi względem N-nitrozo-L-proliny (Pro-NO) i p-synefryny (SYN).  Pro-NO i 

SYN zastosowaliśmy jako szablony wdrukowania molekularnego.  Najpierw 

wybraliśmy najbardziej odpowiednie monomery funkcyjne (ang. functional monomers, 

FMs).  W tym celu określiliśmy trwałość oddziaływań wybranych FM-ów, pochodnych 

tiofenu, z szablonami w kompleksie pre-polimeryzacyjnym spontanicznie tworzącym 

się w roztworze do polimeryzacji, za pomocą modelowania kwantowo-chemicznego z 

wykorzystaniem teorii funkcjonału gęstości (ang. density functional theory, DFT).  

Z kolei kompleksy te posłużyły do osadzenia MIP-ów na przewodzących 

przetwornikach za pomocą polimeryzacji potencjodynamicznej.  Następnie 

wyekstrahowaliśmy szablony z warstw MIP-ów.  Całkowite usunięcie szablonów z 

MIP-ów potwierdziliśmy za pomocą woltamperometrii pulsowej różnicowej (ang. 

differential pulse voltammetry, DPV), elektrochemicznej spektroskopii impedancyjnej 

(ang. electrochemical impedance spectroscopy, EIS) spektroskopii fotoelektronów w 

zakresie promieniowania X (ang. X-ray photoelectron spectroscopy, XPS) i 

spektroskopii odbiciowo-absorpcyjnej o modulowanej polaryzacji w podczerwieni (ang. 

polarization-modulation infrared reflection-absorption spectroscopy, PM-IRRAS).  

Morfologię osadzonych polimerów zobrazowaliśmy za pomocą mikroskopii sił 

atomowych (ang. atomic force microscopy, AFM).  Tak przygotowanymi czujnikami 

oznaczyliśmy Pro-NO i SYN za pomocą DPV, EIS, mikrograwimetrii piezoelektrycznej 
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(ang. piezoelectric microgravimetry, PM) i spektroskopii rezonansu plazmonów 

powierzchniowych (ang. surface plasmon resonance. SPR).  Ponadto na podstawie 

powyższych pomiarów wyznaczyliśmy parametry analityczne czujników w tym 

czułość, liniowy dynamiczny zakres stężeń, selektywność i granicę wykrywalności 

(ang. limit of detection, LOD). 

Następna część rozprawy obejmuje szczegółową analizę mechanizmu tzw. "efektu 

bramki" przeprowadzoną dla elektrod pokrytych przewodzącymi warstwami MIP-ów na 

przykładzie warstwy MIP-u z wdrukowanym szablonem SYN (SYN-MIP).  Za pomocą 

CV, DPV, EIS, SPR, AFM i spektroskopii UV-vis określiliśmy mechanizm zmiany 

sygnału elektrochemicznego elektrody pokrytej warstwą SYN-MIP w trakcie 

oznaczania SYN. 

Analiza "efektu bramki" umożliwiła skonstruowanie samoraportującego 

elektrochemicznego czujnika typu MIP z kowalencyjnie wbudowanym próbnikiem 

redoks do oznaczania SYN w nieobecności próbnika redoks w roztworze badanym.  Do 

przygotowania warstwy MIP-u zastosowaliśmy nowy monomer, tiofenową pochodną 

ferrocenu (FcM), który pełnił jednocześnie rolę wewnętrznego próbnika redoks i 

monomeru sieciującego.  Zastosowanie tego samego układu co w przypadku 

konwencjonalnego czujnika SYN-MIP z próbnikiem redoks w roztworze i z 

wykorzystaniem "efekt bramki", pozwoliło na porównanie parametrów analitycznych 

tych dwóch czujników elektrochemicznych.  Co istotne, parametry analityczne czujnika 

z kowalencyjnie wbudowanym próbnikiem redoks okazały się lepsze niż analogiczne 

parametry wyznaczone dla konwencjonalnego czujnika elektrochemicznego bez 

mechanizmu samoraportującego. 

Ostatnia część rozprawy zawiera opis eksperymentów przeprowadzonych w celu 

opracowania samoraportujących czujników elektrochemicznych do selektywnego 

oznaczania herbicydu – glifosatu (GLY).  Jako jednostkę rozpoznającą zastosowaliśmy 

tu elektrochemicznie aktywne nanodrobiny MIP-ów (MIP NPs) z kowalencyjnie 

wbudowanym ferrocenem.  Zsyntetyzowane MIP NPs najpierw scharakteryzowaliśmy 

po czym unieruchomiliśmy je na powierzchni elektrod.  Za pomocą tak 

przygotowanych czujników oznaczyliśmy GLY w nieobecności próbnika redoks w 

roztworze badanym. 
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Introduction and research goals 
People are constantly exposed to toxic substances in their daily life.  Toxicants may 

originate from different sources, including natural or human-made sources.  Common 

origins of toxic compounds comprise industrial, agricultural, pharmaceutical, 

household, food, and natural sources where toxins are produced from living organisms.  

Consumers are continually subjected to numerous food contaminants in their diet, 

which is now a significant public concern.  Toxins may cause different undesirable 

effects and pose a severe health threat to people.  Continuous exposure to toxins may 

negatively affect the nervous, immune, or reproductive systems, leading to chronic 

diseases.  Therefore, developing efficient, fast, robust, and inexpensive procedures for 

toxic substance determination is necessary. 

The presented research aims to devise and fabricate chemical sensors with 

molecularly imprinted polymers (MIPs) as recognition units for the selective sensing of 

chosen toxic compounds, along with the relevant determination procedures.  N-nitroso-

L-proline (Pro-NO) - a representative of potentially carcinogenic N-nitrosamines, p-

synephrine (SYN) - a dietary supplement that is suspected of causing serious 

cardiovascular diseases, and glyphosate (GLY) – a herbicide that may be responsible for 

numerous chronic diseases including cancers, asthma, diabetes, were chosen as target 

toxin analytes. 

Notably, the crucial part of our research is a detailed investigation of the "gate 

effect" accounting for the operation of the studied conductive MIP film-based 

chemosensors.  Electrochemical determination of electroinactive analytes with a 

traditional MIP chemosensor requires the addition of an external redox probe to the test 

solution.  It is assumed that binding the target analyte molecules by MIP cavities leads 

to polymer swelling or shrinking, resulting in changes in MIP film permittivity for the 

redox probe and, thus, changes in faradaic currents corresponding to reduction or 

oxidation of the redox probe in electrochemical determinations.  However, this 

mechanism does not explain all possible phenomena that may account for the change in 

the current of the redox probe due to analyte binding by the MIP.  Therefore, the origin 

of changes in the current of the redox probe associated with the binding of SYN, 

selected as the model analyte, was herein explored thoroughly. 

The "gate effect" mechanism study prompts fabricating self-reporting MIP 

chemical sensors with an immobilized ferrocene redox probe in the polymer matrix.  
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The applicability of our MIP chemosensor was examined by SYN determination in a 

(redox probe)-free solution.  Moreover, the self-reporting sensor's performance was 

compared with the traditional sensor's performance operating based on the "gate effect" 

mechanism.  
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Chapter 1 

1. Literature review 
In the last decades, people in developed countries are becoming increasingly conscious of 

factors influencing their health, including lifestyle, diet, and environmental effects.  Many 

substances that can be found in food products can threaten health and even life.  Therefore, 

finding reliable, fast, cost-effective methods for determining toxic food contaminants  

is crucial nowadays. 

1.1 Introduction to chemical sensors 

Chemical sensors (chemosensors) are analytical devices that meet the above requirements, as 

their primary role is the target analyte selective differentiation from its interferences.  Since 

chemosensors are sensitive, rapid, and inexpensive, they may be promising tools for food 

safety monitoring.  The International Union of Pure and Applied Chemistry (IUPAC) defines 

a chemosensor as "a device that transforms chemical information, ranging from the 

concentration of a specific sample component to total composition analysis, into an 

analytically useful signal."1  The above chemical information may originate from a chemical 

reaction of the analyte or a physical property of the system investigated.1  Usually, 

chemosensors consist of two functional units, i.e., a receptor and a transducer (Scheme 1.1-1).  

Moreover, some chemosensors may contain a separator, e.g., a membrane. 

 

 

Scheme 1.1-1.  The block diagram of a chemosensor containing a recognition layer,  
a separator, a transducer, and a signal detector.2 
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The chemosensor recognition unit transforms chemical information into energy that  

is measured by the transducer.  The mechanism of this unit operation is related to a chemical 

reaction or a physical process that changes conductivity, absorbance, refractive index, mass, 

temperature, etc. 

The IUPAC calls sensors the biosensors if an analytical signal originates from  

a biochemical reaction.3  That is possible if recognition units are of biological origin.  These 

include enzymes, antibodies, histones, nucleic acids, organelles, cells, and tissues.  Then, the 

transducer changes the energy transmitting the chemical information received from the 

recognition unit into a proper analytical signal.  The signal transduction may involve different 

phenomena, including optical or mass changes, heat effects, and electrochemical processes. 

Similarly, the chemosensor recognition unit is responsible for distinguishing between the 

target analyte and its interferences.  Therefore, finding such a recognition material is crucial 

for proper chemosensor operation.  In chemosensors, the recognition unit is an artificial 

material.4-18  Although biosensors are advantageous revealing, e.g., fast response, high 

sensitivity, and selectivity, they suffer drawbacks, including low stability and durability, 

especially under harsh conditions.19-20  To overcome these deficiencies, several approaches 

have been developed, including modifying the sensor's surface with nature-inspired artificial 

recognition materials that can be nearly as sensitive as biological receptors but durable and 

stable simultaneously.  One such approach is applying molecularly imprinted polymers 

(MIPs) as recognition units of chemosensors. 

1.1.1 Preparation of molecularly imprinted polymers (MIPs)  

MIPs, often called "plastic antibodies," are synthetic receptors that have gained increasing 

interest in recent decades as recognition units.21  Several advantages of MIPs, including 

superior recognition properties, high affinity, selectivity to the target analyte, and chemical, 

mechanical and thermal stability higher than natural receptors, have led to their application as 

selective recognition units in chemosensors for the determination of various analytes.22-28  

Moreover, owing to MIPs' advantages of low-cost fabrication, rapid measurements, easy 

preparation, and operation, as well as the universal nature of molecular imprinting in polymer 

technology, MIPs have become attractive materials for commercial use and industry.29-31  

MIP-based chemosensors have been devised to determine many analytes, including those of 

low molecular weight and those complex such as proteins, viruses, or even whole bacteria.8-18  

Among them are herbicides, pesticides, drugs, sugars, chemical vapors, etc.32-39  Moreover, 

various transductions were applied for analytes' sensing by MIP chemosensors, namely, 
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optical techniques such as absorbance, fluorescence, surface plasmon resonance (SPR) 

spectroscopy, and electrochemical techniques, including voltammetry, potentiometry, electric 

technique using chemically sensitized field-effect transistors (CHEM-FETs), electric 

measuring, e.g., electrolytic conductivity or electric permittivity as well as mass sensitive 

techniques, including piezoelectric microgravimetry (PM) at a quartz crystal microbalance 

exploiting either bulk (QCM) or surface acoustic wave (SAW) excitation.2, 21, 40-41 

MIPs are prepared by selecting suitable functional monomers that may form stable pre-

polymerization complexes with templates in solution.  An analyte itself or its surrogate can be 

used as the template.  Forming a stable template–monomer pre-polymerization complex 

capable of surviving subsequent polymerization is a crucial step of MIP preparation and may 

determine its recognition ability.  Functional monomers can bear recognizing sites, including 

functional groups, -conjugated systems, and heteroatoms that can interact with the template's 

binding sites via different interactions, including hydrogen and covalent bonds, π-π stacking, 

electrostatic attractions, hydrophobic and van der Walls interactions, etc.  Next, the pre-

polymerization complex is polymerized, typically in the cross-linking monomer presence, 

resulting in a sufficiently rigid polymer structure.  Subsequently, the template is removed 

from the MIP, leaving empty molecularly imprinted cavities complementary to template 

molecules regarding their size, shape, and orientation of recognizing sites (Scheme 1.1-2).  

Such an MIP is ready to recognize the target analyte. 

 

 

Scheme 1.1-2.  The flowchart of MIP preparation.42 
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Depending on MIPs' potential applications, they can be prepared in various forms, 

namely bulk polymers, membranes, grains, micro-, and nanoparticles (NPs), or thin films 

deposited on the solid support surfaces.  Furthermore, MIPs are frequently prepared via free 

radical polymerization, applying various preparation techniques, including bulk, precipitation, 

emulsion, and suspension methods, as well as surface and epitope imprinting, sol-gel 

transition, and electropolymerization (Scheme 1.1-3). 

Bulk polymerization (Scheme 1.1-3a) is induced thermally or by ultraviolet irradiation  

in the presence of a soluble radical initiator and soluble functional and cross-linking 

monomers.43-45  Bulk polymerization is easy to perform and cost-effective, but it requires  

a high amount of porogenic agent.  Moreover, MIP particles are obtained by milling.  

Therefore, a resulting bulk polymer may be irregular in shape and size, and 

disadvantageously, recognizing sites may be destroyed in this procedure. 

Precipitation polymerization (Scheme 1.1-3b) characterizes an initially homogeneous 

system in the continuous phase with soluble initiator as well as soluble functional and cross-

linking monomers.  Then, an insoluble polymer is formed upon initiation, and thus it 

precipitates out of the solution.43-48  Precipitation polymerization is a simple and rapid method 

of MIP formation.  However, it requires rigorous reaction control and is mainly applied to 

large-scale MIP production. 

Emulsion polymerization (Scheme 1.1-3c) describes the polymerization whereby 

polymer spherical particles are formed from initially an inhomogeneous system of the 

dispersion medium, monomers, initiator, and possibly colloid stabilizer.43, 49-53  The addition 

of a stabilizer or a surfactant is not necessary, but the presence of a hydrophobic monomer 

and a hydrophilic initiator is essential.  Furthermore, surfactants and other polymerization 

agents may remain in the synthesized polymer.  Then, they are difficult to remove.  Generally, 

MIPs prepared by emulsion polymerization do not require any further processing. 

During suspension polymerization (Scheme 1.1-3d), a polymer is formed from  

a dispersed monomer or monomer-solvent droplets suspended in the liquid phase.54-58  This 

polymerization allows obtaining porous MIPs with regular shapes but requires employing 

hydrophobic monomers and initiators.  Moreover, a stabilizer and surfactant must be applied. 

Importantly, free radical polymerization methods often employ acrylic or vinylic 

monomers for non-conductive MIP preparation.  These methods suffer from several 

drawbacks, including incomplete template removal from the polymer bulk during MIP 

preparation, which leads to constricted access of analyte molecules to MIP cavities during 
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analyte binding.  The surface imprinting procedure (Scheme 1.1-3e) permits circumventing 

these disadvantages. 

The surface imprinting consists of a pre-polymerization complex of functional monomers 

and template formation followed by polymerization, carried out on a solid substrate's surface 

in the presence of a cross-linking monomer and an initiator.  An MIP is deposited as a 

nanometer-thick film.  Then, a template is removed from the MIP, generating three-

dimensional imprinting cavities located on the substrate surface.59-61  Quantum dots (QDs), 

magnetic NPs, polystyrene microspheres, carbon nanomaterials, metal-organic frameworks 

(MOFs), and silica are frequently employed as solid-phase substrates in this method.62  

Surface imprinting enables preparing MIPs with high porosity and surface-to-volume ratio.  

Molecularly imprinted cavities formed are exposed on the surface, facilitating target analyte 

molecules binding to MIP cavities and thus achieving high selectivity, fast mass transfer, and 

high binding rate.  On the other hand, this method suffers from unclear recognition 

mechanisms and poor templates' solubility in certain solvents.59 

Moreover, an epitope imprinting method (Scheme 1.1-3f) was developed in response to 

the challenging imprinting of complex macromolecular compounds, such as proteins.63-64  

This method involves imprinting a short external part of a macromolecule template, called  

an epitope, instead of the whole macromolecule.  This approach is cost-effective because not 

the whole costly macromolecular compound is necessary for imprinting.  Moreover, the 

imprinting may be easily controlled and seems more resistant to harsh polymerization 

conditions.  Due to the small size of the template, its removal is more facile than the removal 

of the whole imprinted macromolecule.  Epitopes can be imprinted via bulk or surface 

imprinting.64-65  The latter involves template immobilization on a solid support via various 

interactions, including physical adsorption, covalent bonding, boronate affinity, and metal ion 

chelation.66-69 

Another popular method for MIPs preparation is a sol-gel transition (Scheme 1.1-3g).  It 

involves a metal oxide precursor mixing with the template in the solution, followed by 

hydrolysis and polycondensation of the precursor to form a polymeric gel.70-71  Sol-gel 

imprinting is a simple, one-step procedure that allows preparing a homogeneous, room-

temperature stable polymer material using inorganic solvents, including water.72  Moreover, 

the surface area and porosity of the polymer formed can easily be controlled. 

Furthermore, MIPs may be prepared by electropolymerization (Scheme 1.1-3h).  This 

method has gained a lot of interest because of the possibility of deposition of conducting and 

non-conducting polymers directly on the conducting or semiconducting transducer surface.  

http://rcin.org.pl



6 
 

The method is fast and straightforward.  Moreover, it enables precise control of polymer 

thickness and morphology.73-74  Electropolymerization may be accomplished either anodically 

or cathodically.  Most frequently, an MIP film is deposited by anodic oxidation of 

electroactive functional and cross-linking monomers controlled by the potential or current 

applied.73, 75  The electro-oxidation results in simultaneous polymer doping with counter ions.  

The mechanism of anodic electropolymerization involves the oxidative formation of 

monomer radical cations.  The excessive charge is applied for further electro-oxidation of the 

resulting oligomers.  Either coupling between radical cations or a radical cation reaction with 

a neutral monomer results in the formation and growth of a polymer film on the electrode 

surface.76 

 
Scheme 1.1-3.  Flowcharts of different methods of polymerization leading to the formation of 
a molecularly imprinted polymer (MIP).77 
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1.1.2 Applications of molecularly imprinted polymers (MIPs) 

MIPs have already been applied in numerous science, technology, and industry fields due to 

their unique properties.78  Different areas of MIP applications are depicted in Scheme 1.1-4. 

 

 

Scheme 1.1-4.  Examples of application of MIPs.78 
 

One of the most popular uses of molecular-imprinting-in-polymer technology involves 

chemical sensors' fabrication.  The possibility of MIPs application as recognition units in 

chemical sensors is briefly described in Section 1.1.1 and discussed in detail in Section 1.2. 

Another common application of MIPs involves sample preparation, mainly by extraction, 

such as solid-phase extraction (SPE).79  MIPs can be applied as selective sorbents for 

separation in different fields, including chemical, pharmaceutical, and water purification 

industries or waste-material treatment.80-83  MIPs prepared as membranes, micro- or NPs, or 

bulk materials are commonly used as packing materials and sorbents for SPE cartridges and 
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high-performance liquid chromatography (HPLC) columns.  Moreover, molecular imprinting 

in polymer technology is used to synthesize and purify proteins, hormones, and enzymes.  

Furthermore, MIPs may be used as sorbents to remove toxins, environmental pollutants, 

heavy metals, or radionuclides from various matrices.84-90  Additionally, this technology can 

be applied to enantiomeric separation, mainly in polymer chemistry and photochemistry, as 

well as drug synthesis, for separating certain enantiomers of chiral compounds from racemic 

mixtures.83, 91-94 

Biotechnology, environment, and food safety are other fields where MIPs have found 

broad applications, e.g., as drug delivery systems,95-96 or substitutes for antibodies in affinity 

chromatography and immunoassays.97-98  Advantages of MIPs, including high stability, low 

cost, facile preparation, and low toxicity, allow them to become suitable carriers in drug 

delivery systems for many diseases treatments, including inflammation,99 arrhythmia,100 

cancer,101 and cardiovascular diseases.102  Moreover, MIPs have been employed as catalytic 

materials.103-104  These polymeric catalysts, acting like artificial enzyme analogs, reveal 

catalytic activity and stereoselectivity similar to enzymes.  Furthermore, MIPs may exhibit 

higher accessibility and stability, as well as catalyze more different reactions than enzymes.105  

Catalytically active groups are usually introduced into polymers by copolymerization of 

monomers bearing catalytic functional groups resulting in polymers with a somewhat random 

arrangement of functionalities (Scheme 1.1-5a).  Therefore, other approaches to forming 

polymeric catalysts include an attachment to the polymer of side chains containing linearly 

arranged functional groups (Scheme 1.1-5b) or polymerization or polycondensation of 

monomers bearing functional groups distributed linearly (Scheme 1.1-5c).  Notably, in natural 

enzymes and antibodies, functionalities are located quite far from each other along the chain 

and are brought into a close spatial relationship as a result of specific chain folding, resulting 

in a complex, three-dimensional arrangement of functionalities called "discontinuate words" 

(Scheme 1.1-5d).106 
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Scheme 1.1-5.  Sketches of possible arrangements of functionalities in synthetic and natural 
polymers: (a) the functional groups randomly distributed along the polymer, (b) chains 
containing the desired arrangement of functionalities attached to the parent polymer, (c) the 
functional groups placed on the polymer chain one after the other interacting with 
corresponding groups on the receptor, (d) the functional groups located at different points on 
the polymer and brought into spatial proximity by the specific folding of the chain resulting in 
three-dimensional steric arrangements of the functionalities.107 
 

1.2 Application of MIPs for food toxin sensing 

One of the fields where MIPs have shown their potential is food science.  In the past decades, 

industrialization and globalization have prompted the dissemination of toxins in the food 

chain, leading to risks to human health and even life.  Contaminants such as allergens may 

occur naturally in food.  Other toxins, including pesticides and veterinary drugs, can originate 

from the food production and processing stages.  Additionally, some contamination may come 

from packaging and storing conditions.108  Various analytical methods have been developed to 

determine contaminants in food products.  However, food product control still remains 

challenging because of the complex food matrix and the presence of interferences. 

The present section focuses on MIPs-using chemosensors' applications for determining 

toxins in food products. 
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1.2.1 Non-electrochemical methods for determination of chosen analytes in food using 

MIP-based chemosensors 

MIPs might be integrated with different transducers to fabricate selective sensing systems 

determining various food toxins.  Non-electrochemical transductions are frequently used for 

toxins sensing.  Optical techniques are among the most popular due to their low cost, 

simplicity, and robustness.  For instance, some reports describe colorimetric detections as 

transduction techniques integrated with MIP-based sensing systems.109-113  Another common 

detection technique used for toxin sensing is fluorescence spectroscopy.114  Scheme 1.2-1 

shows the general mechanism of target analyte determination using a fluorescence sensor 

based on MIPs.115  Analyte molecules binding to MIP cavities cause fluorescence signal 

changes originating from a fluorescent source attached to a chemosensor.  Moreover, applying 

MIPs to the sensor fabrication improves their fluorescence signal transduction properties. 

 

 

Scheme 1.2-1.  The flowchart of the preparation and operation of a fluorescence chemosensor 
based on an MIP.115 
 

Progress in imprinting technology and fluorescent nanomaterials preparation enhances 

the performance of detection of numerous food toxins.  For instance, fluorescent 

determinations of various toxins were reported, including drug residues,92, 116 hazardous food 

contaminants,117-119 heavy metals,120-121 and pesticides.122-123  If analytes are fluorescent by 

themselves, direct detecting them with MIP-based chemosensors is possible.  Fluorescence 

signals originating from the analyte binding involve, e.g., fluorescence intensity,124 

lifetime,125 and polarization.126  However, most analytes are not fluorescent.  Therefore, they 

can only be detected indirectly.  Indirect fluorescent detection involves either fluorescent 

functional monomers or other materials, including QDs, organic dyes, upconverting NPs, rare 
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earth materials, and metallic nanomaterials.  The target analyte molecules binding to 

molecular cavities result in fluorescence enhancing or quenching.  Accordingly, one study 

reported a competitive fluorescent MIP assay to detect histamine in fish samples.119  MIP 

particles and histamine tagged with fluorescent derivative were added to the sample solution.  

Evaluation of the amount of fluorescence derivative left in the examined solution enabled 

indirect histamine determination.  Moreover, fluorescent organic dyes characterized by high 

fluorescence quantum yield are frequently applied for indirect fluorescent determinations 

using MIP chemosensors.127-129  Furthermore, QDs are often used for fluorescence sensing 

due to their high luminous efficiency, stable photochemical properties, and narrow-band 

emission spectra.130-133  Fluorescent MIP chemosensors based on QDs of carbon,134 C3N4,135 

and graphene136 have been fabricated to devise less toxic and more eco-friendly units.  

Besides, upconverting NPs have gained much interest as fluorescent labels due to their low 

cytotoxicity and high photostability.137-138  Noble metal nanoclusters are another example of  

a fluorescent material with great potential in preparing an MIP chemosensor with fluorescent 

detection.139-141  Importantly, the toxicity of noble metal nanoclusters is lower than QDs' 

toxicity.  Moreover, the noble metal nanoclusters' fluorescence is stronger than that of organic 

dyes.  Rare earth metal materials are other fluorescent materials that have gained interest in 

optical sensors owing to their high stability, narrow-band emission, and low biological 

toxicity.142  One approach involves the preparation of silica beads doped with an Eu(III) 

complex and coated with a copper-imprinted polymer nanoshell to determine Cu2+ cations.143  

Another report describes the synthesis of a fluorescence probe based on upconversion 

particles, such as YF3:Yb3+ and Er3+, coated with MIPs for sensing clenbuterol.144  Further 

example provides the preparation of an MIP fluorescent probe by assembling MIP and Fe3O4 

nanoparticles on NaYF4:Yb3+, Er3+ upconversion particles.  This core-shell probe based on 

upconversion particles revealing molecular recognition, fluorescence, and magnetism features 

was used to determine chosen quinolones in fish samples.145 

Also, SPR spectroscopy transduction is often combined with MIP sensing.  SPR 

spectroscopy measurements are quite simple and fast, so it has become popular for 

determining many food contaminants.146-149  This spectroscopy is an optical technique that 

measures the refractive index changes in the vicinity of thin metal layers, e.g., gold, silver, 

and copper, at the interface of media with different refractive indices, generating an analytical 

signal upon analyte binding.  In SPR spectroscopy, coherent delocalized electron oscillations, 

called surface plasmons, are excited and detected via the Kretschmann configuration.  In this 

configuration, polarized light incidences a prism coated with a metal film, generating surface 
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plasmons, and a subsequent reflection is detected (Scheme 1.2-2).  After interfacing the MIP 

with the transducer, the binding of the target analyte causes changes in the refractive index of 

the MIP layer, resulting in a shift of an incidence light angle and wavelength at which 

resonance with surface plasmons is reached.2, 150 

 

 

Scheme 1.2-2.  The block diagram of an SPR spectroscopy chemosensor setup.151  
 

Furthermore, metal NPs were introduced to MIP matrices to increase the sensitivity of 

SPR sensors.152  One study reported an SPR sensor based on the (molecularly imprinted 

polymer)/(gold nanoparticles)/(reduced graphene oxide) (MIP/AuNPs/rGO) nano-hybrid 

film.153  Combining the AuNPs/rGO composite with the MIP allowed for the construction of a 

chemosensor for the sensitive detection of ractopamine.  Another approach involves using 

MIP NPs for SPR sensor fabrication.154-156  For instance, a chemosensor with patulin-

templated MIP NPs attached to the surface of SPR chips for patulin determination was 

devised.157  Furthermore, an SPR sensor based on an MIP film deposited on the optical fiber 

surface by electropolymerization was prepared to determine melamine.158  Moreover, the SPR 

platforms based on plastic optical fibers and MIPs were fabricated for furfural determination 

in wine146 and perfluorinated compounds in water.159 

Another technique coupled with MIP recognition is surface-enhanced Raman 

spectroscopy (SERS).  SERS is highly sensitive, allowing food toxins determination even in 

the as low as the picomolar and femtomolar concentration range.160-163  Usually, a traditional 

SERS sensor based on MIPs consists of a SERS substrate coated with an MIP film.   

The schematic sensor fabrication procedure, signal enhancement principle, and sensing 

mechanism are depicted in Scheme 1.2-3. 
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Scheme 1.2-3.  The depiction of SERS chemosensor fabrication based on MIPs and the signal 
enhancement principle.164 

 

Moreover, MIPs are frequently used for sample pre-treatment before SERS determination 

of target toxins.110, 165-166  Furthermore, a chemosensor was fabricated using MIPs as the 

stationary phase of the thin-layer chromatography (TLC) plate.  The SERS technique was 

applied to determine Sudan I.  What is more, Au colloid was applied to enhance Raman 

signals.167  Further example involves the fabrication of a sandwich-like sensor by integrating  

a porous MIP with an AuNP array for SERS detection of rhodamine 6G.168  A sensor 

combining AgNPs with MIPs was also prepared for melamine determination.169 

MIPs are also applied to enzyme-linked immunosorbent assay (ELISA) like assays.  

Commonly used ELISA tests are based on antibodies that bind to the target analyte and 

enzymes capable of triggering a visible color change upon adding a substrate.  However, 

ELISA tests suffer from several deficiencies, including low stability and a complex, time-

consuming procedure execution.  Therefore, antibodies and enzymes are often replaced with 

more robust and stable MIPs.170-171  An ELISA assay based on an MIP film to detect 

malachite green may serve as an example.  Moreover, MIP NPs have been applied in 

diagnostic assays for food toxins sensing.  For instance, the MIP NPs were fabricated to 

determine fumonisin B1 (FB1).  In this case, an antibody used as a recognition unit in ELISA 

was replaced by MIP NPs with high affinity to FB1.172 

Another non-electrochemical technique combined with MIPs for food toxins 

determination is PM at a QCM using a bulk acoustic wave (BAW).  For that, the surface of a 

QCR is coated with an MIP film (Scheme 1.2-4). 
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Scheme 1.2-4.  The sketch of a quartz crystal resonator (QCR) coated with an MIP film.2 
 

Analyte binding increases the MIP film mass, thus decreasing the QCR resonance 

frequency, which PM can measure using QCM.  Hence, the amount of the analyte bound can 

readily be determined.  Many reports describe the application of MIP chemosensing combined 

with PM for determining food toxins, including methimazole,173 enrofloxacin,174 melamine,175 

estrone,176 methyl parathion,177 metolcarb,178 and many others. 

Moreover, piezoelectric materials capable of propagating SAW along the sensor surface 

are used.  In these materials, usually quartz, SAW is generated, and the resonance of a defined 

frequency occurs (Scheme 1.2-5).  SAW sensors detect resonant frequency changes in the 

acoustic waves upon target analyte binding.179  SAW PM can successfully be integrated with 

MIP sensing.180  Accordingly, molecularly imprinted polypyrrole film was deposited on a 

SAW device for selective determination of GLY.181  Moreover, an MIP-based SAW sensor 

was devised for selective label-free determination of sulfamethizole.182 

 

 

Scheme 1.2-5.  The schematic view of a surface acoustic wave (SAW) chemosensor with an 
MIP film recognition unit.2 
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One of the main disadvantages of BAW and SAW sensors involves difficulties with 

miniaturizing them into hand-held devices.  In contrast, devices exploiting field-effect 

transistors (FETs), particularly the extended-gate field-effect transistors (EG-FETs),183 can 

easily be miniaturized and applied, e.g., for determining food allergen, gluten extract, in 

semolina flour.184  Generally, a FET sensor comprises a semiconductor with an electron 

channel between two electrodes, i.e., the source and the drain.  An additional metal-over-

dielectric gate electrode is deposited on the semiconducting channel to apply a controlling 

source-drain voltage.  The analyte binding by a recognizing film deposited on the gate 

changes the gate voltage, resulting in a difference in the current flowing from the source to the 

drain (Scheme 1.2.6). 

 

 
Scheme 1.2-6.  The experimental setup based on the EG-FET design.  An Au-layered glass 
slide coated with the MIP film serves as the extended gate (working electrode, WE) and a Pt 
plate as the reference electrode (RE).  D and S symbols represent the drain and source 
components of the FET structure, respectively.185 
 

Furthermore, a thermal readout was combined with MIP recognition to determine various 

analytes.186-187  For instance, an MIP was applied in the thermistor for the label-free 

measurement of the nitrofurantoin analyte concentration.188  Interestingly, a novel sensor 

based on surface-imprinted polymers with a modified heat-transfer method for detecting 

Escherichia coli bacteria was reported.189  Bacteria binding to the receptor surface causes an 

increase in thermal resistance between the chip coated with a surface-imprinted polyurethane 

film and the liquid.  Applying a printed meander structure as the heater and placing a sensing 

unit directly underneath the receptor layer allows bacteria to be determined in a broad 

concentration range of 102 to 106 CFU/mL.  Another example of thermal detection of E. coli 
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involves screen-printed electrodes (SPEls) coated with surface-imprinted polymers (SIPs).190  

In this example, SIP-functionalization of SPEls was combined with the heat transfer method 

(HTM) to detect E. coli in milk samples.  The thermal setup consisted of a copper chip holder 

serving as a heat provider (Scheme 1.2-7). 

 

 

Scheme 1.2-7.  Expanded view of a flow cell for thermal measurements at the screen-printed 
electrode (SPE) modified with a surface-imprinted polymer (SIP).190 
 

A thermocouple, power heater, and a proportional-integral-derivative (PID) controller 

controlled the temperature underneath the sample.  The heat was transported through the 

functionalized SPEl chips into the flow cell, allowing for sample monitoring.   

The temperature inside the cell was measured with the other thermocouple. 

1.2.2 Electroanalytical techniques for sensing chosen toxins in food using MIP-based 

chemosensors 

Electrochemical sensors using MIPs as recognition units have gained enormous attention 

because of combining fast, inexpensive, portable electrochemical transduction with robust, 

stable, and selective MIP recognition.  The current subchapter focuses on applying 

electrochemical MIP chemosensors to determine food toxins. 

Various analytical signals are recorded with electroanalytical techniques, including the 

potential in potentiometry, the current in voltammetry and amperometry, the conductance in 

conductometry, and the impedance and capacitance in impedimetry.191 

In recent years, voltammetry has been the most frequently (82%) used electroanalytical 

technique coupled with MIP recognition for food toxins determination (Scheme 1.2-8).   
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Its main advantages include simplicity, high sensitivity, and rapid response. Less popular 

techniques are amperometry (8%) and impedimetry (7% ). 

Scheme 1.2-8. The circular diagram of the application of electroanalytical techniques, 
including voltammetry, amperometry, impedance spectroscopy, and others, combined with 
MIPs, for food toxins determination between 2010 and 2021. Voltammetry techniques 
include differential pulse voltammetry (DPV), cyclic voltammetry (CV), square wave 
voltammetry (SWV), and linear sweep voltammetry (LSV), among others.191 

As mentioned above, voltammetry is often combined with MIPs. It comprises several 

techniques, including CV, DPV, SWV, and linear sweep voltammetry (LSV). A typical setup 

for voltammetric measurements is depicted in Scheme 1.2-9. Usually, it involves a working 

electrode (WE) coated with an MIP film, a reference electrode (RE), and a counter electrode 

(CE) immersed in the solution filling a glass cell. 

Worldna 
electrode 

surface 

Scheme 1.2-9. The cross-sectional view of a three-electrode glass minicell for 
electrochemical measurements.151 
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CV is significantly less popular because its sensitivity is lower than, e.g., DPV.  

However, some articles report a combination of CV signal transducing with MIP 

chemosensing for food contaminants.  For instance, a chemosensor based on a magnetic MIP 

was devised for the CV determination of scombrotoxin (histamine) in fish.192  The histamine 

magnetic-MIP was synthesized using the core-shell method, then deposited onto magneto-

actuated electrodes to directly assess histamine preconcentrated from fish samples.  The 

histamine-MIP chemosensor may serve as another example of applying CV for histamine 

determination.193  Histamine-imprinted polymer was synthesized by bulk polymerization.  

Then, after grinding, incorporated into a carbon paste electrode (CPE).  The devised 

chemosensor featured two linear dynamic concentration ranges of 1 × 10−10 – 7 × 10−9 M and 

7 × 10−9 – 4 × 10−7 M with the limit of detection (LOD) of 7.4 × 10−11 M.  Interestingly, CV 

determination of metronidazole with a chemosensor based on the MIP-decorated 3D 

nanoporous nickel (3D NPNi) skeleton reached a very low LOD of 2 × 10−14 M.194  Electrode 

surface modification with the 3D NPNi framework provided an enlarged conductive surface 

area and enhanced electron transfer. 

Although CV is sometimes combined with the MIP for target analytes determination,  

it usually suffers from low sensitivity and poor signal-to-background characteristics.  

Therefore, it is more frequently used for sensor characterization than analyte sensing.195-198 

Furthermore, LSV is often used for food contaminants determination.  For instance,  

a chemosensor combining MIP with graphene (GN) was devised to determine an imidacloprid 

(IDP) pesticide with LSV.199  A cathodic peak current of IDP, recorded using a glassy carbon 

electrode (GCE) modified with MIP/GN, linearly increased with the IDP concentration 

increase in the range of 0.5 to 15 μM with the LOD of 0.10 μM.  Moreover, the chemosensor 

performance was evaluated for rice samples.  Furthermore, a sensor based on molecularly 

imprinted poly(p-aminobenzenethiol-co-p-aminobenzoic acid) was devised for LSV 

determination of eugenol.200  What is more, a graphene-(carbon nanotubes) ionic-liquid-

functionalized composite (GN-CNTs-IL) was used to increase chemosensor selectivity.  It led 

to a linear chemosensor response to eugenol in the concentration range of 5.0 × 10−7 to 

2.0 × 10−5 M.  More MIP-based chemosensors were reported using LSV determination of 

various toxins, including GLY in tap water samples,201 tetracycline in honey,202 and Sunset 

Yellow in soft drinks.196  

SWV is another electroanalytical transduction technique frequently combined with MIP-

based chemosensing because of its simplicity and high sensitivity.197, 203-207  Modification of 

GCE with MIP and GO was proposed for sulfonamide sensing.206  In another research, 
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quinoxaline-2-carboxylic acid was determined using a chemosensor comprising GCE coated 

with a polypyrrole-(graphene oxide)-[binuclear phthalocyanine cobalt(II) sulphonate] (PPY-

GO-BiCoPc) functional composite decorated with an MIP.207  Introducing of the PPY-GO-

BiCoPc functional composite increased the sensitivity of the chemosensor, allowing to obtain 

broad two linear dynamic concentration ranges of 1.0 × 10−8 to 1.0 × 10−4 and 1.0 × 10−4 to 

5.0 × 10−4 M with the LOD of 2.1 nM.  An (MIP NPs)-based chemosensor was devised for 

diazinon (DZN) pesticide determination.197  DZN-imprinted polymer NPs were prepared by 

suspension polymerization for chemosensor fabrication, then applied for CPE decoration.  

As mentioned above, DPV is the most popular among voltammetric techniques due to its 

high sensitivity originating from capacity current minimizing.  Numerous reports describe 

chemosensors based on MIPs with DPV determination of different food toxins, including 

antibiotics,204, 208-214 mycotoxins,215-218 flavorings,219 pesticides,220-221 antibacterial agents,222 

fungicides,223 veterinary drugs,224 hazardous food additives,225-227 potential carcinogens, e.g., 

N-nitrosamines,228-229 and contaminants from food packagings.230  Recent articles have 

reported other strategies for DPV determination of food toxins using MIP chemosensors.  For 

instance, a chemosensor based on MIP deposited on GCE coated with electrochemically 

reduced GO (rGO) was fabricated for bisphenol A sensing in bovine milk.231  Furthermore, a 

sensing platform for erythrocin (Ery) antibiotic determination was fabricated.198  For its 

preparation, GCE was modified with carbon nanohorns, followed by electropolymerization of 

dopamine and subsequent electropolymerization of 2-aminopyridine in the presence of Ery.  

DPV results demonstrated that this electrode modification enabled determining Ery 

selectively.  Moreover, introducing carbon nanohorns and polydopamine (PDA) increased, 

respectively, sensitivity and stability.  

Notably, voltammetric techniques may be used to determine either electroactive or 

electroinactive target analytes.  The latter can be determined by applying the so-called "gate 

effect."  For that, one way is to add an external redox probe to the test solution.  Analyte 

binding causes changes in MIP film properties, changing the faradaic current of the redox 

probe.232  The "gate effect" is described in detail in Subsection 1.3 below. 

Significantly, electrochemically active toxins can be detected by amperometry.  The 

oxidation or reduction current of the target analyte is recorded at a constant potential applied.  

This potential, if adequately adjusted, enables the redox process of the target analytes to 

proceed under the mass transport rate control.  The current measured is directly proportional 

to the analyte concentration.233  Generally, amperometric measurements are performed under 

stirred or flow solution conditions because electroactive compounds' mass transport is 
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effective if governed by convection.  The amperometric current signal recorded at electrodes 

coated with MIPs depends on the mass transfer rate of electroactive target analytes to the MIP 

film.234  The main amperometry limitation is that electroactive in the chosen potential range 

species other than the target analyte should be absent in the test solution.  Nevertheless, many 

reports describe the application of amperometric MIP sensors for food contaminant 

determination.  For instance, a molecularly imprinted PDA film-based chemosensor was 

proposed for the electrochemical determination of sulfamethoxazole (SMX) antibiotic.235  The 

PDA-MIP film was deposited on the gold electrode surface by electropolymerization.  The 

linear dynamic concentration range of the chemosensor prepared was 0.8 to 170 μM SMX 

with a LOD of 800 nM and high selectivity to different interferences.  Another article 

reported amperometric flow-injection analysis (FIA) determination of carbofuran (CBF) using 

a CNT-paste electrode modified with gold-coated-magnetite coated with MIP (MIP-CNTs-

Fe3O4@Au/CPE).236  Application of the CNTs-Fe3O4@Au nanomaterial increased surface 

area as well as the number of binding sites, leading to an enhanced electron transfer.  The 

fabricated chemosensor demonstrated a linear response to CBF concentration in the range of 

0.1 to 100 µM and the LOD of 3.8 nM. 

Moreover, procedures using chronoamperometric detection were proposed, including an 

MIP chemosensor based on an Au electrode modified with chitosan-platinum NPs (CS-

PtNPs) and graphene-gold nanoparticle (GN-AuNP) nanocomposites for erythromycin 

antibiotic sensing,237  Furthermore, an MIP chemosensor using a GCE coated with graphene-

Prussian Blue (GN-PrB) composites for butylated hydroxyanisole (BHA) synthetic 

antioxidant determination,238 and a sensor based on polypyrrole-

(sulfonated graphene)/(hyaluronic acid)-(multi-walled carbon nanotubes) [(PPy-SG)/(HA-

MWCNTs)] for tryptamine sensing were devised.237  Furthermore, an Au electrode was 

modified with chitosan-silver nanoparticles (CS-AgNP) and graphene-(multiwalled carbon 

nanotubes) (GN-MWCNTs) composites, then coated with MIPs for neomycin antibiotic 

determination.239  Electrode modification with CS-AgNP and GN-MWCNTs composites of 

high electrical conductivity enabled the preparation of very sensitive and selective 

chemosensors for neomycin determination.  Under optimum conditions, a linear dynamic 

concentration range of 9 × 10−9 to 7 × 10−6 M was wide, and the LOD of 7.63 × 10−9 M was 

low. 

Potentiometry is another electroanalytical technique applied for food toxins sensing.   

The potentiometric sensors field has rapidly grown in the last few years.240  Generally, 

potentiometry measures the electrochemical potential of charged species.  For that,  
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an electrode featuring a membrane loaded with an ionophore, i.e., an ion-selective electrode 

(ISE), is used as an indicator electrode along with a reference electrode of a stable potential 

(Scheme 1.2-10). 

 

 

Scheme 1.2-10.  The sketch of a typical cell set-up for potentiometric measurements featuring 
either (a) an internal-reference ion-selective electrode (ISE) or (b) a coated-wire ISE and an 
external reference electrode (RE).2 
 

ISE converts the target ion activity into a potential and then quantifies the ion activity 

with the Nikolsky-Eisenman equation (Equation 1.1-1). 

 
𝐸A = Const. +

2.303𝑅𝑇

𝑧A𝐹
log (𝑎A + 𝐾A,B

pot
𝑎B

𝑧A/𝑧B) (Equation 1.1-1) 
 

where E is the electrode potential [V], R stands for the ideal gas constant 

(8.3145 J mol−1 K−1), T is absolute temperature [K], aA and aB are the activity of the 

determined (A), and interfering (B) ion, respectively, and F is the Faraday's constant  

(F = 96485.3 C mol−1) and  

 
𝐾A,B

pot
=

𝑎A

𝑎B

𝑧A/𝑧B
     (Equation 1.1-2) 

 

is the potentiometric selectivity coefficient, where ion A and B charges, zA and zB, 

respectively, have the same sign, positive or negative. 

MIPs have been applied as selective recognition units to devise ISE potentiometric 

sensors with an MIP film acting as the ionophore.  The membrane of this sensor generally 

consists of two layers, i.e., the transduction layer for the ion indicated and the MIP 

recognition layer, deposited on the transduction layer, capable of sensing the target analyte.  

This membrane is connected to a voltmeter, enabling the measurement of the potential 

difference between the reference and indicator electrode.  Usually, the mechanism of ISE 
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sensing involves membrane processes described by the Nikolsky-Eisenman equation.241  MIP 

chemosensors are broadly applied for food toxins determination using Nikolsky-Eisenman 

equation-governed potentiometric methods.242-251  For instance, a potentiometric MIP 

chemosensor was prepared for melamine determination in milk.242  The chemosensor revealed 

a near-Nernstian response to protonated melamine in the 5.0 × 10−6 to 1.0 × 10−2 mol/L 

concentration range with high selectivity to inorganic cations.  Another study reported the 

fabrication of a chemosensor based on a molecularly imprinted conducting polymer (MICP) 

film for potentiometric determination of taurine.243  For the MICP film preparation, a film of 

3,4-ethylenedioxy-thiophene/acetic acid thiophene (EDOT/AAT) copolymer doped with 

flavin mononucleotide (FMN) was prepared by electropolymerization.  Results of 

potentiometric measurements showed a linear dynamic concentration range of 10−4 to 10−2 M 

protonated taurine.  Notably, the devised chemosensor was largely insensitive to inorganic 

cation interferences, including potassium, sodium, calcium, and magnesium cations. 

Noticeably, potentiometric chemosensors based on ion-imprinted polymers (IIPs) for 

determining inorganic ionic toxins, e.g., heavy metal ions, have become increasingly 

popular.244  The sources of heavy metals exposure include not only the environment but also 

food products and drinking water.252  Unfortunately, IIPs sensors often suffer from poor 

selectivity because of the small size of ions that cannot be imprinted effectively.  Moreover, 

forming strong coordination interactions between commonly used functional monomers and 

heavy metal ions is difficult.253  A CPE chemosensor based on nanomaterials such as 

graphene nanosheets and alumina NPs, an Hg2+-ion imprinted polymer acting as a sensing 

unit, and an ionic liquid used as the binder was proposed to overcome these difficulties.  

Furthermore, 4-(2-thiazolylazo)resorcinol was applied as the ligand selective for Hg2+ during 

polymer preparation.  A fabricated sensor was used for potentiometric determination of Hg2+, 

showing a linear response to Hg2+ concentration in the range of 4.00 × 10−9 to 

1.30 × 10−3 M.245  Then, other sensors for heavy metal ions were reported.  For instance, a 

Cd(II) ion selective electrode was fabricated and tested based on an IIP to determine Cd(II) 

ions.245  Another study describes the application of potentiometric membrane sensors for the 

dinotefuran insecticide determination in cucumber and soil samples.246  Besides, different 

MIP chemosensors were applied for potentiometric determination of pesticides in food 

matrices, including atrazine herbicide,247-248 cyromazine pesticide,249 and lindane  

(γ-hexachlorocyclohexane) pesticide.250  Potentiometry is mainly applied to determine 

charged organic compounds and inorganic ions because a charge on the target analyte is 

required to generate a potentiometric response.254  However, some procedures were proposed 
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to overcome this limitation.  For instance, a polymeric membrane ISE was proposed based on 

a uniform-sized MIP as the recognition unit and a charged compound with a structure similar 

to that of the target analyte as an indicator ion for signal transduction.  This system enables 

potentiometric determination of a chlorpyrifos pesticide neutral organic compound.251  

Traditional potentiometric measurements are performed under equilibrium conditions to 

obtain a classical Nernstian response.  Recently, novel sensors based on non-equilibrium 

sensing were reported.  A potentiometric sensing of anionic mercury species in Cl−-rich 

samples may serve as an example.255  Importantly, sensors sensitive to Hg2+ can be used only 

in the absence of Cl−, since Hg2+ may form coordination complexes with Cl−.  Thus, the 

sensor for HgCl3
− determining in Cl−-rich samples was proposed to overcome this limitation.  

The tert-butylcalix[4]arene-tetrakis(N,N-dimethylthioacetamide) neutral carrier 

(lead ionophore IV) as the chloro-mercury anion-selective ionophore and 

tridodecylmethylammonium chloride (TDMACl) as the anion exchanger were used for the 

sensor preparation.  Since lead ionophore IV contains sulfur atoms, which effectively 

coordinate mercury atoms, it was selected as the ion carrier for the anionic chloro-mercury 

complex.  Moreover, TDMACl was introduced to the sensing membrane to decrease cation 

interference and decrease membrane resistance.  Furthermore, the configuration  

of asymmetric membrane rotating ISE based on the non-equilibrium steady-state diffusion  

of primary ions at the sample–membrane interface was applied to improve the sensor 

sensitivity, enabling lower the LOD to 4.5 × 10−10 M for HgCl3
− in 0.05 M NaCl.  The non-

equilibrium potential response was enhanced due to promoting the accumulation of primary 

ions in the boundary layer of the ISE membrane by applying the asymmetric membrane and 

rotating the membrane electrode. 

Potentiometry is a frequently used technique for the determination of various toxins.  

However, by definition, the response of the potentiometric sensor is linear to the logarithm  

of the target analyte concentration.  Therefore, it is not sensitive to small changes in the 

analyte concentration, although a dynamic concentration range is usually broad. 

Another electrochemical technique, EIS, is also worth mentioning.  This technique is 

often used for sensor characterization and a better understanding of mechanisms of the 

electrode processes.209, 214, 216, 248, 256  However, it can also serve as a sensitive transduction 

tool for food contamination sensing.217, 229, 257-265 
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1.3 "Gate effect" mechanism in analytes' sensing with MIP 

chemosensors 

1.3.1 Investigating the "gate effect"  

The present subsection describes a detailed study of the so-called "gate effect" mechanism 

applied in signal transduction in MIP chemosensors.  It discusses possible reasons for the 

redox probe current change resulting from analyte binding. 

One of the first studies on the "gate effect" described the molecular imprinting-based 

biomimetic receptor system for detecting sialic acid.266  This fluorescent MIP-based sensor 

was prepared from vinylphenylboronic acid (VPBA), allylamine (AAm), and ethylene glycol 

dimethacrylate (EGDMA) conventional monomers in the presence of a sialic acid template.  

The chemosensor allowed determining the target analyte in the concentration range of 0.5  

to 10 μM.  Importantly, fluorescence enhancement was due to the interaction of the sialic acid 

molecules with MIP cavities.  Presumably, the analyte binding caused a change in the porous 

structure of the imprinted polymer, which led to a change in the MIP sensor signal  

(Scheme 1.3-1).  This effect is called the "gate effect." 

The origin of the sensor response was explained by the interactions between template 

molecules and MIP cavities, leading to a conformational reorganization of the MIP structure 

(Scheme 1.3-1).  This reorganization affected the molecules' diffusion through the MIP.  

Moreover, MIP immersed in a buffer solution swelled because of surface ionization and 

osmotic pressure, increasing the polymer domain volume.  Substances diffusion through MIP 

cavities was limited by the diameter of pores in the polymer.  Supposedly, analyte binding 

caused a rearrangement resulting from interactions between analyte molecules and MIP 

cavities, thus expelling water molecules and ions already present in MIP cavities.  

Consequently, the MIP might shrink due to the binding of analyte molecules, increasing pore 

size, thus resulting in a more permeable structure. 

As demonstrated above, the "gate effect" term could be applied to the non-

electrochemical determination of target analytes by MIP chemosensors.  However, the "gate 

effect" is mainly related to the electrochemical sensing of electroinactive analytes.  For those 

cases, adding external redox probes to test solutions is necessary to generate an 

electrochemical response.  Changes in the signal recorded at the MIP film-coated electrode 

allow for determining the target analyte.  This transduction approach is based on the "gate 

effect" relevant to changes in MIP properties induced by analyte binding to the MIP.  It was 
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postulated that the analyte molecules binding by cavities in an MIP film leads to MIP 

swelling.  This swelling changes MIP permeability to the redox probe, resulting in changes in 

faradaic currents corresponding to the electro-oxidation or electroreduction of the probe. 

 

 

Scheme 1.3-1.  The sketch of possible changes in the MIP structure caused by analyte 
binding.266 
 

The "gate effect" in electrochemical sensing was first demonstrated in the study of the 

determination of theophylline.267  In this study, Yoshimi et al. reported on a thin molecularly 

imprinted poly(methacrylic acid-co-ethyleneglycol dimethacrylate) film deposited on an 

indium-tin-oxide (ITO) electrode.  This film exhibited increased ferrocyanide redox probe 

diffusive permeability due to theophylline binding.  The CV results signified a faradaic 

current increase in the presence of the theophylline analyte caused by enhanced diffusion of 

ferrocyanide through the MIP film deposited on the electrode surface.  Notably, this behavior 

was not observed for a non-imprinted polymer (NIP).  CV results were confirmed by atomic 

force microscopy (AFM) imaging.  AFM images showed an increase in MIP porosity in the 

theophylline presence. 

Moreover, the "gate effect" mechanism explained changes in anodic current due to  

the MIP cavities binding of heparin template molecules.268  Interactions between heparin and 

the MIP deposited on the ITO electrode caused a change in the accessibility of the MIP to the 

ferrocyanide redox probe.  Remarkably, in CV experiments, current density was enhanced for 

heparin concentrations below 0.3 mg mL−1 and dropped for concentrations above 

0.3 mg mL−1.  These results showed that MIP porosity increased at low heparin 
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concentrations and decreased at high concentrations.  The authors speculated that this 

behavior resulted from heparin's wide molecular weight distribution.  In a low analyte 

concentration range, heparin molecules are bound to the MIP cavities imprinted with a high 

molecular weight heparin template.  This binding attracts the functional monomer's cationic 

trimethyl ammonium group, which worsens the MIP pore.  On the other hand, at high heparin 

concentrations, some adsorbed heparin molecules could block MIP cavities, decreasing redox 

probe accessibility to the cavities.  Furthermore, another research involved the operation of  

a chemosensor based on MIP NPs.  Those MIP NPs were prepared by solid-phase synthesis, 

then used as a recognition unit of a chemosensor for electrochemical determination of FB1.217  

The chemosensor was fabricated by depositing the polypyrrole-(zinc porphyrin), PPy/ZnP, 

conducting composite underlayer on the Pt disk electrode.  This underlayer formation allowed 

subsequent attaching of MIP NPs to this underlayer.  DPV and EIS were applied as 

transduction techniques.  The DPV signal recorded in the presence of the 

[Fe(CN)6]4−/[Fe(CN)6]3− redox probe increased with an increase of the FB1 concentration in 

the linear dynamic concentration range of 1 fM to 10 pM.  Most likely, FB1 binding changed 

the conformation of the polymer composite, increasing its porosity and, hence, enhancing 

redox probe diffusion through the composite to the electrode surface.  Presumably, in the FB1 

analyte absence, a negatively charged ferrocyanide redox probe was repulsed from 

hydrophobic MIP NPs, hindering the charge transfer through the composite.  FB1 analyte 

binding changed MIP NPs conformation.  Thus, the film became more permeable to the redox 

probe and the counter ion, which enhanced electron transfer through the polymer and 

increased the DPV signal.  Moreover, the composite was electroactive at 0.35 V vs. AgǀAgCl.  

Thus, the EIS technique could monitor the faradaic process because the 𝑅ct changed in the 

presence of FB1.  The composite 𝑅ct increased with the analyte concentration increase.  

Presumably, FB1 binding resulted in structural changes in the MIP, thus increasing the 𝑅ct. 

Notably, many reports demonstrated that the analyte binding might cause a decrease in 

the current.  A simplified illustration of the indirect determination of analytes using the 

K4[Fe(CN)6] redox probe is presented in Scheme 1.3-2. 

In one investigation, an MIP film-coated ITO electrode was applied to glucose 

determination in an aqueous solution.269  This enzyme-free sensor for glucose was prepared 

by chemical copolymerizing 4-vinylphenylboronic acid, methylene bisacrylamide, and the 

glucose template.  CV measurements revealed that the anodic current peak of the ferrocyanide 

redox probe decreased with an increase in the glucose concentration.  Results suggested that 

the MIP polymer shrank because of the glucose binding and swelled during glucose 
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dissociating.  Therefore, MIP matrix shrinking hindered the diffusion of the redox probe to 

the electrode resulting in a drop in current density. 

 

 

Scheme 1.3-2.  The flowchart of the "gate effect" operation in the indirect electrochemical 
determination of an electroinactive analyte and the corresponding DPV signals recorded at the 
MIP film-coated electrode. 

Fe(CN)s4• Fe(CN)s3• 

\_/ .. 
<: .. ... ... 
d 

Electrode 

1 MIPfilm Potential 
deposition 

Fe(CN)s4• Fe(CN)s3• 

... 
<: .. ... ... 
d 

Potential 

.. 
<: .. ... ... 
d {\ 

•1 Analy1:e Potential 
binding 

Fe(CN)s4• Fe(CN)s3· 

\._ .. 
<: .. ... ~ 

r'\ 
Potential 

http://rcin.org.pl



28 
 

However, MIP film shrinking or swelling because of analyte binding is not the only 

plausible mechanism responsible for changes in electrochemical signal during the indirect 

determination of analytes.  The "gate effect" may also originate from other phenomena.232  

Those could be divided into diffusion and (electrical effects)-related mechanisms.  The former 

concerns the rate change in the redox probe diffusion through the polymer caused by a change 

in MIP permeability resulting from analyte binding.  The latter involves the change in the 

electrochemical properties of the MIP film.  The effect of shrinking or swelling of an MIP 

film mentioned above is classified as a phenomenon related to diffusion. 

Remarkably, the number of studies describing indirect sensing of electroinactive analytes 

by MIP chemosensors using the "gate effect" has expanded rapidly in the last few  

years.42, 270-273  For instance, a sensor sensitive to chloramphenicol (CAP) was fabricated.274   

It was prepared by electropolymerization of Eriochrome Black T (EBT) in the presence of 

CAP on laser-induced GN electrodes.  The analytical performance of the devised sensor was 

examined by CV and EIS in the presence of the K3[Fe(CN)6]/K4[Fe(CN)6] redox probe. 

Semicircles in the Nyquist plots with diameters corresponding to the charge transfer 

resistance (𝑅ct) increased with the increase in the CAP concentration.  EIS measurements 

indicated that the electrical resistance of the surface increased with the increase in the CAP 

concentration in the linear dynamic concentration range of 1 nM to 10 mM.  Another study 

described a sensor based on MIP-decorated magnetite NPs to determine SMX.275  EIS 

experiments showed that 𝑅ct increased with the increase of the SMX concentration as MIP 

cavities bound increasing amounts of SMX analyte molecules from the test solution of the 

K3[Fe(CN)6]/K4[Fe(CN)6] redox probe.  The linear response of the sensor ranged from 0.1 nM 

to 10 mM.  Another study reported the formation of protein-imprinted self-assembled 

monolayers (SAMs) from functional thiols and disulfide compounds for sensor fabrication.  

Due to imprinted cavities featuring multiple recognizing sites, SAMs allowed for highly 

selective binding of the target protein, bovine hemoglobin (BHb).  DPV measurements 

indicated that the peak for the K3[Fe(CN)6]/K4[Fe(CN)6] redox probe recorded at the gold 

electrode modified with Bhb-templated SAMs decreased with the increase of the analyte 

concentration as a consequence of the "gate effect."  Similar behavior of a DPV signal 

originating from redox probe oxidation was observed at the screen-printed gold electrode 

coated with the MIP templated with the HER2-ECD protein breast cancer biomarker.276  The 

DPV peak linearly decreased with the increase in the HER2-ECD concentration range of 10 to 

70 ng/mL.  Another research reported artemisinin determination using an electrochemical 

sensor based on MIP fabricated by electropolymerization of the o-phenylenediamine (o-PD) 
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functional monomer in the presence of the artemisinin template.277  The chemosensor 

response was analyzed by CV and SWV using the K3[Fe(CN)6]/K4[Fe(CN)6] redox probe.  

Results of CV and SWV measurements demonstrated that the redox probe current decreased 

with the increase in the artemisinin analyte concentration.  Furthermore, a chemosensor using 

MIP NPs for DPV and EIS determination of cilostazol (CIL) and its primary active 

metabolite, 3,4-dehydrocilostazol (dhCIL), was reported.278  CIL-templated MIP NPs were 

synthesized by precipitation polymerization, then the template was extracted from the NPs, 

and MIP NPs prepared that way were subsequently sedimented on the Au disk electrode, 

followed by tyramine electropolymerization.  The electrodes coated with the polytyramine 

film with embedded MIP NPs were used for DPV and EIS determination of CIL and dhCIL in 

an acetonitrile solution of ferrocene redox probe by exploring the "gate effect."  Importantly, 

the DPV peak recorded at the MIP NPs coated electrode immersed in the ferrocene redox 

probe solution decreased with the increase of CIL concentration in the linear concentration 

range of 134 nM to 2.58 μM CIL.  Moreover, EIS spectra were recorded for the same solution 

composition.  Notably, the chemosensor responded to the CIL metabolite, dhCI.  Therefore, it 

was suitable for sensing CIL and dhCIL together. 

Interestingly, an MIP chemosensor exploiting the "gate effect" mechanism was even used 

to detect severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleocapsid 

protein (ncovNP).279  The ncovNP-MIP sensor was fabricated by modifying a thin-film Au 

electrode with ncovNP-MIP as a recognition unit prepared from  

the poly(m-phenylenediamine) functional monomer.  A DPV peak recorded at the electrode 

coated with ncovNP-MIP in the presence of [Fe(CN)6]4−/[Fe(CN)6]3− redox probe decreased 

with the increase of the ncovNP analyte concentration, implying hindered charge transfer 

carried by redox probe through the film to the electrode. 

Another example of the possible diffusion-related mechanism might be the physical 

blocking of MIP cavities by analyte molecules.  However, this blocking is mainly 

encountered in thin films of nonconductive MIPs imprinted with macromolecules as 

templates, e.g., a prostate-specific antigen (PSA),280 myoglobin,281-283 cardiac troponin T,284 

glutathione-s-transferase-π (GST-π),285 concanavalin A,286 immunoglobulin G,287 hexameric 

heme protein,288 and human serum albumin (HSA).289  These studies reported the Rct increase 

manifested by the growth in diameters of Nyquist plot semicircles282-283 as well as the 

decrease in the SWV peak281-283 or CV peaks284, 289 height due to analyte binding in the redox 

probe presence.  Moreover, SPR,285 BAW,286 and SAW287 measurements were used  

to evaluate the recognition ability of the MIP films.  Thus, imprinting and subsequent 
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macromolecule removal resulted in MIP cavities with much larger diameters than redox probe 

molecules.  Therefore, the analyte macromolecules binding to MIP cavities could hinder 

redox probe molecules' diffusion through these cavities.  That could happen if an MIP were 

applied to determine charged analytes. 

Another possible diffusion-related mechanism is charge accumulation in the MIP film.  

The charged analytes binding by MIPs of chemo−sensors could lead to charge accumulation 

in these MIPs.  Therefore, analyte detection might be affected.  Accordingly, positive charge 

accumulation could hinder the diffusion of the redox probe bearing the same charge.  

Unfortunately, no research reports have described using different redox probes in analyte 

sensing.  The "gate effect" mechanism controlled by diffusion is schematically illustrated in 

Scheme 1.3-3. 

 

Scheme 1.3-3.  The schematic illustration of the diffusion-related "gate effect."  (A) MIP film 
expanding and shrinking, (B) physical blocking of MIP cavities by analyte molecules, and 
(C) positive accumulated charge-induced blocking in the MIP film (a) in the presence of 
redox probe charged (a) positively and (b) negatively.232 
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If discussing the MIP swelling and shrinking mechanism, it is worth mentioning that 

certain polymers, such as poly(phenylenediamine), and PPD, commonly applied to prepare 

electrochemical sensors,290-294 could exhibit permeability properties.295  The PPD film 

permeability was defined as an analyte's ability to permeate through this film.   

This permeability may strongly depend on polymerization conditions, including the pH of the 

solution for polymerization and potentiostatic or potentiodynamic deposition.  Therefore, 

analyzing these polymers' permeability properties is recommended before determining the 

analyte. 

Moreover, MIPs' properties are crucial regarding analyte determination.  The examples 

mentioned above are mainly related to non-conductive polymers, while the conductivity of 

MIPs might play an essential role in analyte binding.  Therefore, the "gate effect" may also 

relate to the electrical effects of the MIP film itself.  Thus, analyte binding changes MIP film 

conductivity.  This effect is considered doping-dedoping, leading to an increase or decrease in 

faradaic current originating from the redox probe.  Since analyte molecules binding to MIP 

cavities could generate or quench polarons via, e.g., doping-dedoping, this binding should 

affect UV-vis or near-infrared spectra.  The electric double layer formed at the electrode-

electrolyte solution interface consists of compact and diffuse layers separated by the outer 

Helmholtz plane, OHP (Scheme 1.3-4a).  Coating the electrode with an MIP film complicates 

the double-layer structure.  Then, different processes may occur, including charge 

accumulation, diffusion, and analyte sorption in the film (Scheme 1.3-4b).  EIS is often used 

to investigate those complex systems.  This technique allows for determining different 

parameters, including solution resistance (𝑅s), charge transfer resistance (𝑅ct), the Warburg 

impedance (𝑊), and the double-layer capacitance (𝐶dl) of the MIP film-coated electrode.  

Monitoring those parameters during analyte determination allows in-depth MIP film-coated 

electrode operation analysis. 

For that, Randles-Ershler equivalent circuit is commonly used and fitted to the 

experimental Nyquist plot.296-298  Importantly, analyte binding may affect 𝑅ct, 𝐶dl, and 𝑊.  

Thus, the charge transfer and the redox probe diffusion from the electrolyte solution to the 

electrode depend on the MIP film properties.  The 𝑅ct parameter characterizing a faradaic 

process16, 260, 299-300 is related to the electron transfer between the conductive MIP film and the 

redox probe, as well as the counter ion transfer through the MIP-(electrolyte solution) 

interface for charge compensation.  On the other hand, the 𝐶dl is used to characterize a non-

faradaic process.263, 293, 301-303  Some articles describe changes in the 𝐶dl of electrodes coated 
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with MIP films due to analyte binding using different than the Randles-Ershler models of the 

electrode-(electrolyte solution) interface.301, 304-305 

Notably, conductive MIP films whose electrochemical properties depend on external 

factors may behave like insulators or semiconductors in their neutral form and turn to  

a conductive material after charging and doping with counter ions.306  The positive charge of 

radical cation appearing in the polymer during electro-oxidation is compensated by anion 

ingress from the solution, often accompanied by polymer swelling.  Reversible electro-

oxidation and electroreduction of MIPs may lead to their conformational and structural 

changes, including expanding, shrinking, conformational compacting, and closing.  Moreover, 

part of polarons and counter ions remain trapped in the conductive polymer, enhancing 

electronic conductivity.307  Since the MIP film-coated electrode is quite a complex system, 

two extreme possibilities exist for a double-layer location.  One assumes the double-layer 

formation inside the MIP near the electrode surface (Scheme 1.3-4b).  Another possibility is 

the double-layer location far from the electrode surface, i.e., at the (MIP film)-(electrolyte 

solution) interface (Scheme 1.3-4c). 

 

 

Scheme 1.3-4.  The illustration of the electric double-layer structure in the case of specific ion 
adsorption (a) at the bare and (b, c) at the MIP film-coated electrodes; (b) close to  
the electrode surface, inside of the polymer, and (c) far from the electrode surface,  
at the polymer-solution interface.232 

 

As mentioned above, indirect electrochemical determination of analytes by MIP 

chemosensors using the "gate effect" requires the external redox probe presence in the test 

solution.  This determination enables generating of an electrochemical signal by the redox 
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probe, allowing for sensing electroinactive analytes.  However, this determination suffers 

from several drawbacks.  The necessity of using an external redox probe restricts sample 

preparation and precludes MIP chemosensors' application for in vivo analyte determination. 

Moreover, this determination may strongly depend on experimental conditions, leading 

to structural changes in the MIP film itself, regardless of the target analyte presence.308  Other 

factors involve nonspecific adsorption of real sample components and nonspecific pores 

formation after template extraction from the MIP. 

1.3.2 Devising, fabricating, and testing self-reporting electrochemical sensors  

Since the indirect determination of electroinactive analytes suffers from many deficiencies, 

self-reporting electrochemical sensors involving (redox probe in solution)-free determination 

of these analytes were devised, fabricated, and tested.  Electrochemical immunosensors are 

one example.  These immunosensors are biosensors using an electrode-confined antibody as 

the recognizing unit and monitoring the electrochemical signal originating from the binding of 

the target analyte to the antibody (Scheme 1.3-5).309 

 

 

Scheme 1.3-5.  The basic principle of operation of an electrochemical immunosensor.309  
 

The immunosensors design is based on specific non-covalent affinity interactions 

between antibodies and antigens, providing a wide range of applications from biomedical 

monitoring and environmental analysis to food quality control.  Since antibodies are 

electroinactive, they must be functionalized with redox probes or enzymes to produce an 

electrochemical signal.  Moreover, the crucial step in immunosensor fabrication is 
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immobilizing antibodies on the surface, thus obtaining stable antibody-analyte complexes.  

Surface chemistry control is necessary for obtaining proper orientation and accessibility of 

antibodies and minimizing non-specific binding.  Among different transduction techniques 

used for antibody-based sensing, electrochemical immunosensing has attracted attention 

because of its high sensitivity, rapid response, structure and operation simplicity, and sensors' 

low production cost.310-311  Furthermore, different methods of antibody labeling with probes 

have been developed to detect and amplify analytical signals during electrochemical sensing 

(Scheme 1.3-6).312  One such strategy involves the application of nanomaterials serving as 

carriers (Scheme 1.3-6a).  Another utilizes metal and semiconductor NPs as electroactive 

labels (Scheme 1.3-6b).  Moreover, nanopolymers functionalized with enzymes  

(Scheme 1.3-6c) are used as well as reducing agents that convert the oxidized state to the 

reduced state of species through redox cycling of enzyme reactions (Scheme 1.3-6d). 

 

 

Scheme 1.3-6.  The electrochemical signal enhancement for analyte detection by 
immunosensors via charge carriers labeling with (a) nanocarrier, (b) electroactive nanotracer, 
(c) nanopolymer functionalized with an enzyme, and (d) redox cycling of enzyme 
reactions.309 
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Many nanomaterials, including multi-walled carbon nanotubes (MWCNTs), magnetic 

beads (MBs), AuNPs, GO, dendrimers, and electroactive component-encapsulated NPs have 

been applied as nanocarriers in immunosensors with electrochemical detection.  For instance, 

an AuNPs-supported anti-hIgG conjugated MB (anti-hIgG/AuNPs/MB) redox probe was 

prepared to fabricate an electrochemical hIgG immunosensor.313  The AuNPs were introduced 

to increase the number of MB molecules in bioconjugate probes and thus amplify the 

detection signal.  Furthermore, a ferrocene-tagged peptide nanowire was fabricated for 

immunosensing human IgG.314  The peptide nanowires were used to load the ferrocene redox 

probe.  Nanomaterials, especially metal NPs, can also be used as electroactive nanotracers.   

In that case, the NPs are usually coated with the antibody, generating an electrochemical 

signal based on the redox properties of the NPs.  For instance, the immunosensor for human 

chorionic gonadotropin (hCG) utilizing AuNPs as the electrochemical probes and DPV 

transduction was proposed.315  The AuNPs were pre-oxidized at a sufficiently high potential 

in an acidic solution, followed by the immediate reduction of AuCl4
− to Au0.  This 

immunosensor operation principle involved changes in the DPV peak current of Au ions 

electroreduction in an acidic solution. 

Moreover, enzymes with high catalytic properties have frequently been used as tracers 

via antibody labeling together with electron mediators in typical electrochemical enzyme 

immunoassays.  For example, an immunosensor for alfa-fetoprotein (AFP) determination, 

using horseradish peroxidase (HRP)-functionalized envision antibody complex (EVC) as the 

probe, was devised.316  Importantly, an antibody-enzyme network structure was composed of 

a dextran-amine skeleton enabling the coupling of many HRP and secondary antibody 

molecules.  This coupling allowed many enzyme molecules to participate in the binding, thus 

amplifying the signal.  The detection principle involved inhibiting the electrochemical signal 

of hydroquinone in the phosphate-buffered saline (PBS) after forming the antigen-antibody 

complex.  This signal was directly proportional to the AFP concentration.  The enzyme-based 

signal can further be enhanced by modulating the redox cycling associated with electron 

mediators, e.g., ferrocene.317  Moreover, a novel tyrosinase-responsive nonenzymatic redox 

cycling was proposed to amplify the electrochemical signal for carcinoembryonic antigen 

(CEA).318 

Notably, aptamers may be an excellent alternative to antibodies for the (probe in 

solution)-free determination of target analytes.  Accordingly, another example of self-

reporting electrochemical biosensors may be aptamer-based sensors (aptasensors) tagged with 

redox probes.  Aptamers are oligonucleotides of single-stranded deoxyribonucleic acid (DNA) 
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or ribonucleic acid (RNA) that can serve as biorecognition units binding different target 

analytes, including small-molecule compounds, sugars, peptides, proteins, and whole  

cells.319-321  Advantages of aptamers include high affinity, thermal and chemical stability, and 

the possibility of modification by introducing various functionalities.  Aptamers and 

antibodies have similar affinity to the analytes, but aptamers are more flexible and stable than 

antibodies.  Moreover, their immobilization on a support surface is easier.  Aptasensors use 

different signal transduction methods.  However, electrochemical aptasensors have gained the 

most interest.  Similarly to antibody immunosensors, aptamers are electroinactive.  Therefore, 

they must be labeled with redox probes to generate an electrochemical signal.  For that 

purpose, ferrocene and methylene blue are frequently used as tagging redox probes.322  

Interaction between the target analyte and the aptamer featuring a redox probe changes an 

electrochemical detection signal (Scheme 1.3-7).  Significantly, different sensing methods 

have been developed for aptamers.  For instance, analyte detection is based on signal OFF 

(Scheme 1.3-7a).  In more detail, aptamer initially remains in the configuration stabilized by 

hydrogen bonds with its redox probe placed near the electrode surface.  In this case, the target 

analyte (bacteria) binding to the aptamer changes aptamer conformation.  Then, the redox 

probe moves away from the electrode, decreasing the electrochemical signal as the charge 

transfer rate decreases.  In the signal ON detection strategy (Scheme 1.3-7b), the aptamer is in 

random conformation if the analyte is absent.  Analyte binding changes aptamer 

conformation, moving the redox probe tag near the electrode.  This probe relocation increases 

the signal as the charge transfer rate increases.  Another possibility involves the preparation of 

a nucleic acid single strand complementary to the aptamer (Scheme 1.3-7c).  Analyte 

interaction with the aptamer changes its conformation that displaces this single strand.  The 

(redox probe)-labeled aptamer is then moved closer to the electrode surface, increasing the 

electrochemical signal. 

Furthermore, sandwich configurations are introduced to electrochemical aptasensors to 

improve their selectivity and sensitivity.  Usually, enzymes are used to amplify analyte 

sensing due to their catalytic properties.  For instance, one study reported glucose 

dehydrogenase (GDH) serving as the biocatalytic probe for the enhanced amperometric 

detection of thrombin.323  For further sensitivity improvement, aptamer-functionalized 

platinum NPs (PtNPs) were applied as catalytic probes instead of enzymes (Scheme 1.3-8a).  

The introduction of PtNPs catalyzing the electroreduction of H2O2 allowed for 

electrocatalytically amplified determination of thrombin.324  Moreover, NPs may serve as 

charge carriers for protein determination by aptasensors (Scheme 1.3-8b).  For example, 
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research was devoted to the amplified detection of thrombin.325  AuNPs were functionalized 

with anti-thrombin aptamers containing polyadenine (poly-A).  The analyte was captured by 

immobilized anti-thrombin antibody and detected by anti-thrombin aptamer-AuNPs bio bar 

codes.  Due to the large surface area of NPs, they can carry many aptamers, enhancing the 

electrochemical signal for detecting thrombin analyte.  Another sandwich-type sensing 

method involves aptamer-based rolling circle amplification (aptamer-RCA) for 

electrochemical detection of platelet-derived growth factor B-chain (PDGF-BB) serving as a 

model target.326  The aptamer-primer sequence mediated an in-situ RCA reaction generating 

several copies of the circular DNA template, thus enhancing the detection sensitivity 

(Scheme 1.3-8c). 

 

 

Scheme 1.3-7.  The schematic depiction of the detection principle of aptasensors in (left-hand 
side) the absence of the bacteria analyte and (right-hand side) the presence of bacteria analyte 
showing (a) aptamer labeled with a redox probe resulting in signal OFF detection, (b) aptamer 
labeled with a redox probe resulting in signal ON detection, (c) duplex aptamer with single-
strand removal by bacteria, resulting in signal ON detection.322 
 

Moreover, for electrochemical signal transduction and amplification, not only NPs have 

been introduced for sandwich-type aptasensors preparation, but also MOFs328 or 

hydroxyapatite (HAP) NPs.329 

Various electrochemical aptasensors have recently been devised, including 

potentiometric,330-333 impedimetric,334-337 and voltamperometric338-340 sensors. 
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Scheme 1.3-8.  Principles of operation of sandwich-type electrochemical aptasensors with 
signal amplification.  (a) Aptamer functionalized with PtNPs serving as catalytic probes to 
catalyze the electroreduction of H2O2.  (b) AuNPs functionalized with aptamers containing 
poly-A acting as reporting probes; the adenine nucleobases released were directly detected to 
generate enhanced signals.  (c) The aptamer-primer mediated in-situ rolling circle 
amplification (RCA) reaction serving as the reporter.327 
 

1.3.3 Devising, preparing, and testing MIP self-reporting electrochemical sensors 

Remarkably, some attempts were made to immobilize the redox probe inside the MIP matrix 

to devise self-reporting MIP chemosensors.  One of the first attempts proposed a chemosensor 

based on an electrochemical MIP (e-MIP) for determining a model analyte, benzo[a]pyrene 

(BaP).341  For that, the ferrocene redox probe molecules were inserted in MIP cavities by 

copolymerizing the vinylferrocene (VFc) monomer with the EDMA cross-linking monomer 

in the presence of the BaP template.  Then, the MIP was integrated with a CPE  

(Scheme 1.3-9). 

As the ferrocene cyclopentadienyl rings might interact with BaP molecules via aromatic 

π-π stacking, the BaP analyte binding might change the properties of the ferrocene redox 

probe.  Moreover, control electrochemical non-imprinted polymer (e-NIP) was prepared in the 

same manner as e-MIP but without BaP to validate the imprinting.  DPV and SWV provided 

sensor responses.  The measurements revealed that at the (e-MIP)-CPE, the peak decreased 

much more, due to analyte binding, than the peak at the control (e-NIP)-CPE.  Unfortunately, 

the sensitivity and selectivity of the sensor were unsatisfactory.  Therefore, the authors 

improved this e-MIP sensor performance by applying VFc along with 4-vinylpyridine (4-VP) 

as the aromatic co-monomer and divinylbenzene (DVB) or EDMA as the cross-linking 

monomer.342  The 4-VP and DVB monomers might interact with BaP via π-π stacking due to 

the presence of aromatic rings in their structures.  Thus, they might enhance π-π stacking 
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between the monomers and BaP.  Indeed, VFc with 4-VP co-monomer integration with 

EDMA or DVB application increased sensor adsorption capability 6–8 times compared to the 

sensor based on the VFc-EDMA reference polymer.  However, incorporating VFc and DVB 

into the polymer structure did not increase the imprinting factor (IF). 

 

 

Scheme 1.3-9.  Flowcharts of (top) e-MIPs and (bottom) e-NIPs preparation, and their 
subsequent introduction to the carbon paste electrode (CPE), followed by the electrochemical 
signal recording at the CPE modified with e-MIP or e-NIP in the presence and absence of the 
benzo[a]pyrene (BaP) analyte.341 
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Furthermore, e-MIPs based on ferrocenyl methacrylate were incorporated in screen-

printed carbon electrodes (SPCEs) for electrochemical bisphenol A (BPA) determination.343  

For that, ferrocene methacrylate, used as the redox probe, was co-polymerized with the 4-VP 

and EDMA cross-linking monomers in the presence of the BPA template.  Then, e-MIP and 

corresponding e-NIP microbeads were prepared by precipitation polymerization.  

Subsequently, these microbeads were introduced to a graphite-hydroxyethylcellulose 

composite paste for preparing an SPCE.  Next, CV responses of SPECEs modified with e-

MIPs and e-NIPs were measured.  Cyclic voltammograms recorded at the (e-MIP)-SPCE and 

(e-NIP)-SPCE showed anodic and cathodic peaks corresponding to the redox process of the 

ferricenium/ferrocene couple.  Significantly, the CV peak recorded at the (e-MIP)-SPCE was 

much higher than at the (e-NIP)-SPCE.  This peak height difference might be related to more 

electroactive ferrocenyl groups present in the imprinted cavities formed after BPA extraction 

from e-MIP; thus, the peak increase.  Importantly, the peak decreased with the BPA 

concentration increase.  Possibly, analyte binding hid ferrocenyl groups attached to MIP 

cavities.  This interaction between the BPA analyte and the redox probe immobilized in the 

MIP hindered the counter ions diffusion to the redox probe, thus decreasing the peak.  

Another research resulted in fabricating a sensor using electroactive MIP NPs selective to the 

vancomycin antibiotic.344  The MIP NPs were prepared by solid-phase synthesis, introducing 

ferrocene derivative (VFc and ferrocenylmethyl methacrylate) monomers into the polymer 

structure.  Then, thus synthesized MIP NPs were self-assembled on the Nafion film-coated 

GCE (Scheme 1.3-10).  These MIP NPs were characterized by dynamic light scattering (DLS) 

and CV.  Moreover, the number of ferrocene moieties was estimated using XPS.  Sensor 

performance was analyzed by CV.  CV peaks decreased with the increase of the analyte 

concentration in the linear dynamic concentration range of 83 to 410 µM.  Presumably, the 

analyte binding changed the redox properties of ferrocene moieties, thus decreasing the peaks.  

This behavior was presumably induced by the change in impedance of the electron transfer 

between ferrocene groups embedded in the MIP and the electrode because of the interaction 

of electroinactive analyte molecules with MIP cavities.  Notably, the electrochemical results 

confirmed the successful application of the chemosensor for selective vancomycin 

determination. 
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Scheme 1.3-10.  The flowchart of MIP NPs preparation by solid-phase synthesis followed by 
their deposition on a Nafion film-coated glassy carbon electrode (GCE).344 
 

In recent years, more studies reported the sensing application of MIP NPs integrated with 

redox probes.  One example is a chemosensor based on MIP NPs tagged with the ferrocene 

redox probe for the electrochemical determination of different analytes, including 

paracetamol, glucose, trypsin, glucose, C4-homoserine lactone, and tetrahydrocannabinol 

(THC).345  The MIP NPs were prepared by solid-phase synthesis,346 and then used to modify 

the SPEl surface.  Moreover, linking the redox probe with MIP NPs enabled the combining of 

both the sensor's recognizing and reporting functions.  Recorded DPV peaks increased with 

the increase in analytes' concentrations.  Most likely, analyte binding to MIP NPs changed 

polymer conformation and swelling, leading to ferrocene moieties exposure at the surface of 

NPs and consequently enhanced electron transfer to the electrode.  Therefore, the current 

recorded at the (MIP NPs)-modified electrode was directly associated with the target analyte 

concentration (Scheme 1.3-11).  Moreover, DLS measurements revealed that MIP NPs 

diameters were bigger in the presence of analytes. 

Similarly, a sensor exploring electroactive MIP NPs for selective electrochemical 

determination of sitagliptin was reported.347  The MIP NPs were integrated with a ferrocene 

redox probe, combining the sensing and reporting functions.  Another research involved 

preparing and testing an electrochemical (MIP NPs)-based insulin-determining sensor.348  The 

in-silico insulin epitope was mapped to design MIP NPs computationally.  As in the studies 

described above, an electroactive ferrocene monomer acting as an internal redox probe was 

used for sensor preparation. 
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Scheme 1.3-11.  The principle of operation of the electroactive (MIP NPs)-based sensor using 
tetrahydrocannabinol (THC) as a model analyte.345 
 

Furthermore, a chemosensor was reported using electroactive MIP NPs for paracetamol 

determination.349  MIP NPs were prepared by the solid-phase synthesis in all studies 

mentioned above.  Different techniques, including DLS, transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), as well as SPR and Fourier-transform infrared 

(FTIR) spectroscopy, characterized the MIP NPs.  Moreover, the sensors' performance was 

optimized, followed by DPV analyte determinations.  Notably, the DPV recorded peaks 

increased with the analyte concentration increase in all cases.  A different strategy was 

adopted in a study describing a ferrocene-based monomer application for preparing an MIP 

chemosensor for determining electroactive 1-naphthylamine (1-NA).350  This chemosensor 

exploited a composite of a cyclodextrin-functionalized graphene nanosheet and molecularly 

imprinted poly(vinylferrocene), GNN/CD-MIPVFc.  The VFc functional monomer, acting as 

an electron mediator, improved the chemosensor's sensitivity.  DPV was used to measure the 

chemosensor response.  The composite enhanced the chemosensor's electrocatalytic activity 

leading to DPV peaks for 1-NA higher than those recorded at the chemosensor based on 

acrylic functional monomers.  Furthermore, a ferrocenyl-based MIP chemosensor selective 

for electroactive BPA was devised.351  Toward that, the ferrocenylmethyl methacrylate 

(FMMA) functional monomer was co-polymerized with the EGDMA cross-linking monomer 

in the presence of the BPA template and a porogenic solvent, supercritical carbon dioxide 
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(scCO2), then drop-cast on the surface of SPCE.  The ferrocene-based functional monomer 

was applied to facilitate electron transfer for BPA determination.  Therefore, the chemosensor 

response was assessed by DPV measurements.  The irreversible oxidation peak of BPA 

recorded at the electrode modified with MIP linearly increased with the BPA concentration 

increase in the 4.7 to 8 nM range.  
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Chapter 2 

2. Experimental part  
This chapter provides information about all chemicals, procedures, instrumentation, and 

techniques applied to perform measurements presented in the thesis. 

2.1 Chemicals 

Templates/analytes, functional monomers, cross-linking monomers, and interferences used for 

the research are listed below. 

Table 2.1-1.  Templates/analytes. 

No. Compound name CAS number Structural formula Source 

1 N-Nitroso-L-proline,  
Pro-NO 

7519-36-0 

N

N
O

O

OH  

Toronto Research 
Chemicals, Inc. 

2 N-Acetyl-L-proline, 
Ac-Pro 

68-95-1 

N
O

OH

OCH3

 

Sigma Aldrich 
(now Merck 
KGaA) 

3 p-Synephrine, 
SYN 

94-07-5 OH

NH

OH  

Sigma Aldrich 
(now Merck 
KGaA) 

4 Glyphosate, 
GLY 
 

1071-83-6 

OH
PNH
O

OHOH

O

 

Sigma Aldrich 
(now Merck 
KGaA) 
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Table 2.1-2.  Functional monomers and cross-linking monomers. 

No. Compound name  Function CAS number Structural formula Source 

1 p-bis(2,2'-Bithien-5-yl)-
methylphenol,  
FM 1 

 

The functional monomer for 
the (Pro-NO)-MIP film 
chemosensor 

- OH

S

S

S

S

 

Synthesized at the 
University of North 
Texas, Denton, TX, 
USA 

2 p-bis(2,2'-Bithien-5-
yl)methyl-o-catechol,  
FM 2 

 

The functional monomer for 
the (Pro-NO)-MIP film 
chemosensor 

- OH

S

S

S

S

OH

 

Synthesized at the 
University of North 
Texas, Denton, TX, 
USA 

3 2,2'-Bithiophene-5-
carboxylic acid,  
FM 3 

The functional monomer for 
the SYN-MIP film 
chemosensor 

2060-55-1 

S

S

OH

O

 

Enamine Ltd. 
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4 bis-(2,2'-Bithienyl)-4-
ferrocenylphenyl methane, 
FcM 

 

Monomer providing an 
internal redox probe and 
playing the role of the cross-
linking monomer for a self-
reporting MIP film 
chemosensor 

- 

S

S

S

S

Fe

 

Synthesized at the 
University of North 
Texas, Denton, TX, 
USA 

5 Sodium thiophen-2-
ylmethanesulfonate 

 

Monomer providing 
sulfonyl groups for a self-
reporting MIP film 
chemosensor 

61380-07-2 

S
SO

O
O

- Na+

 

Enamine Ltd. 

6 Ferrocenylmethyl 
methacrylate,  
FMAA  
 

The functional monomer for 
the GLY-MIP NPs 
chemosensors 

31566-61-7 

Fe
O

CH2

CH3

O  

Fluorochem Ltd. 

7 Itaconic acid,  
ITA  
 

 

The functional monomer for 
the GLY-MIP NPs-1 
chemosensor 

97-65-4 

OH

O

CH2

O

OH  

Sigma-Aldrich (now 
Merck KGaA) 

8 Allylamine,  
AAm  

The functional monomer for 
the GLY-MIP NPs-2 

107-11-9 
CH2

NH2 
Sigma-Aldrich 
(now Merck KGaA) 
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chemosensor and the GLY-
MIP NPs-4 chemosensor 

9 Ethylene glycol 
methacrylate  
phosphate,  
EGMP  
 

The functional monomer for 
the GLY-MIP NPs-2 
chemosensor 

24599-21-1 

CH2

O

CH3

O

O P

OH

OH

O

 

Sigma-Aldrich 
(now Merck KGaA) 

10 2,2,2-Trifluoroethyl 
methacrylate,  
TFEMA 

 

The functional monomer for 
the GLY-MIP NPs-3 
chemosensor 

352-87-4 
CH2 O

CH3

O

CF3

 

Acros Organics 

11 Methacrylic acid,  
MAA 
 

 

The functional monomer for 
the GLY-MIP NPs-3 
chemosensor 

79-41-4 
CH2 OH

CH3

O

 

Acros Organics 

12 N-Allylurea,  
AU 
 

The functional monomer for 
the GLY-MIP NPs-3 
chemosensor 

557-11-9 

NH2 NH
CH2

O

 

Sigma-Aldrich  
(now Merck KGaA) 

13 2-Hydroxyethyl 
methacrylate,  
HEMA 

 

The functional monomer for 
the GLY-MIP NPs-4 
chemosensor 

868-77-9 
CH2 O

CH3

O

OH

 

Sigma-Aldrich  
(now Merck KGaA) 
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14 Squaramide-based monomer, 
SQ6 

 

The functional monomer 
for the GLY-MIP NPs-4 
chemosensor 

- 

F

FF F

F

F

NH

O
O

NH
CH2

 

Synthesized at the 
MIP Diagnostic 
according to the 
literature 
procedure352  

15 5,5',5''-Methanetriyltris(2,2'-
bithiophene),  
CM 1 

 

The cross-linking monomer 
for the (Pro-NO)-MIP film 
chemosensor 

- 

SS

S

S

S

S

 

Synthesized at the 
Institute of Physical 
Chemistry, Polish 
Academy of 
Sciences, Warsaw, 
Poland 

16 2,3'-Bithiophene,  
CM 2 
 

 

The cross-linking monomer 
for the SYN-MIP film 
chemosensor 

2404-89-9 
S

S

 

Sigma-Aldrich  
(now Merck KGaA) 

17 Ethylene glycol 
dimethacrylate,  
EGDMA 
 

The cross-linking monomer 
for the GLY-MIP NPs 
chemosensor 

97-90-5 

CH2

O

CH3

O

O
CH2

CH3

O

 

Sigma-Aldrich  
(now Merck KGaA) 
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18 Trimethylolpropane 
trimethacrylate,  
TRIM 
 

 

The cross-linking monomer 
for the GLY-MIP NPs 
chemosensor 

3290-92-4 

CH2

O

CH3

O

CH3 O
CH2

CH3

O

O
CH2

CH3

O
 

Sigma-Aldrich  
(now Merck KGaA) 
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Table 2.1-3. Interferences 

No. Compound 
name 

CAS number Structural formula Source 

1 Adrenalin 51-43-4 
OH

OH
NH

CH3

OH

 

Sigma Aldrich 
(now Merck 
KGaA) 

2 Creatinine 60-27-5 

N
H

N

O
NH

CH3

 

Sigma Aldrich 
(now Merck 
KGaA) 

3 D-(+)-Glucose 50-99-7 
O

OHOH
OH

OH

OH

 

Sigma Aldrich 
(now Merck 
KGaA) 

4 Urea 57-13-6 
NH2 NH2

O

 

Sigma Aldrich 
(now Merck 
KGaA) 

5 Adenosine 
triphosphate 

56-65-5 

O
O N

NN

N

NH2

POP

OH

O

OH

O

OP

OH

O

OH

 

Sigma 
Aldrich 
(now 
Merck 
KGaA) 

6 Clopyralid 1702-17-6 
NCl

Cl

OH

O

 

Merck 

7 L-Leucine 61-90-5 
CH3

CH3 NH2

OH

O

 

Sigma Aldrich 
(now Merck 
KGaA) 

 

Other reagents and solvents employed are listed below.  They were used as received. 

 1,3,5-Benzenetricarboxylic acid, trimesic acid, C6H3-1,3,5-(COOH)3, CAS 554-
95-0, Sigma-Aldrich (now Merck KGaA) 

 1,2-Benzenedicarboxylic acid (≥99.5%), Phthalic acid, C6H4-1,2-(CO2H)2, CAS 
88-99-3, Sigma-Aldrich (now Merck KGaA) 
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 1,2-Bis(triethoxysilyl)ethane (95%), BTSE, [-CH2Si(OC2H5)3]2, CAS 16068-37-
4, Alfa Aesar 

 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, ECD,  
CH3CH2N=C=N(CH2)3N(CH3)2·HCl, CAS 25952-53-8, Alfa Aesar 

 (3-Aminopropyl)triethoxysilane (98%), APTES, H2N(CH2)3Si(OCH2CH3)3, 
CAS 919-30-2, Alfa Aesar 

 1-Decyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, CAS 
433337-23-6, Combi-Blocks 

 Acetonitrile (sure seal), ACN, CH3CN, CAS 75-05-8, Sigma-Aldrich (now 
Merck KGaA) 

 Ammonium thiocyanate, NH4SCN, CAS 1762-95-4, Merck KGaA 

 Benzoic acid, (≥99.5%), C6H5COOH, CAS 65-85-0, Sigma-Aldrich (now Merck 
KGaA) 

 Chromotropic acid disodium salt, (HO)2C10H4(SO3Na)2·2H2O, CAS 5808-22-0, 
Sigma-Aldrich (now Merck KGaA) 

 Disodium phosphate (analytical grade), Na2HPO4, CAS 7558-79-4, POCH 

 Ethanol (analytical grade), CH3CH2OH, CAS 64-17-5, STANLAB 

 Glass beads, SiO2, CAS 65997-17-3, Potters Industries 

 Glutaraldehyde, OHC(CH2)3CHO, CAS 111-30-8, Merck KGaA 

 Hexaammineruthenium(III) chloride (98%), [Ru(NH3)6]Cl3, CAS 14282-91-8, 
Sigma-Aldrich (now Merck KGaA) 

 Isopropanol (analytical grade), CAS 67-63-0, CHEMPUR 

 Methanol (analytical grade), CH3OH, CAS 67-56-1, STANLAB 

 Monopotassium phosphate (analytical grade), KH2PO4, CAS 7778-77-0, POCH 

 N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane, AAPS, C₈H₂₂N₂O₃Si, CAS 
1760-24-3, Merck KGaA 

 N-[3-(Trimethoxysilyl)propyl]ethylenediamine, 
(CH3O)3Si(CH2)3NHCH2CH2NH2,  
CAS 1760-24-3, Sigma-Aldrich (now Merck KGaA) 

 N,N-diethyldithiocarbamic acid benzyl ester, C12H17NS2, CAS 3052-61-7, TCI 
Europe 

 N-Hydroxysuccinimide (≥97%), NHS, C4H5NO3, CAS 6066-82-6, Sigma-
Aldrich (now Merck KGaA) 

 Pentaerythritol tetrakis(3-mercaptopropionate), (>95%), 
(HSCH2CH2COOCH2)4C, CAS 7575-23-7, Sigma-Aldrich (now Merck KGaA) 

 Potassium chloride (analytical grade), KCl, CAS 7447-40-7, POCH 

 Potassium nitrate (analytical grade), KNO3, CAS 7757-79-1, CHEMPUR 

 Potassium hexacyanoferrate(III), K3Fe(CN)6, CAS 13746-66-2, Sigma-Aldrich 
(now Merck KGaA) 

 Potassium hexacyanoferrate(II), K4Fe(CN)6, CAS 14459-95-1, CHEMPUR 
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 Sodium chloride (analytical grade), NaCl, CAS 7647-14-5, POCH 

 Sodium cyanoborohydride (≥95%), NaBH3CN, CAS 25895-60-7, Sigma-
Aldrich (now Merck KGaA) 

 Sodium dodecyl sulfate, SDS, C12H25NaO4S, CAS 151-21-3, Merck KGaA 

 Sodium hydroxide (analytical grade), NaOH, CAS 1310-73-2, POCH 

 Tetra-n-butylammonium perchlorate (electrochemical grade), (TBA)ClO4, 
(CH3CH2CH2CH2)4N(ClO4), CAS 1923-70-2, Merck KGaA 

 Tetra-n-ethylammonium perchlorate (electrochemical grade), (TEA)ClO4, 
(CH3CH2)4N(ClO4), CAS 2567-83-1, Merck KGaA 

 Triethylamine (≥ 99%), Et3N, (C2H5)3N, CAS 121-44-8, Sigma-Aldrich (now 
Merck KGaA) 

 Tetra-n-butylammonium hydroxide solution, (TBA)OH, 
(CH3CH2CH2CH2)4N(OH), CAS 2052-49-5, Sigma-Aldrich (now Merck KGaA) 

 Toluene (sure seal), C6H5CH3, CAS 108-88-3, Sigma-Aldrich (now Merck 
KGaA) 
 

2.2 Procedures and instrumentation 

This section describes MIP chemosensors' preparation procedures and the 

instrumentation used. 

2.2.1 Procedures and instrumentation for chemosensors based on MIP films 

2.2.1.1 The general procedure for preparing films of MIPs templated with food 

toxins and NIPs 

The general procedure of MIPs' preparation comprised complementarily and 

successively implemented following steps. 

(1) Studying the properties of electroactive cross-linking and functional monomers from 

the group of thiophene derivatives bearing functional groups recognizing chosen toxin 

analytes selectively. 

(2) Computational modeling the structures of analyte-(functional monomer) pre-

polymerization complexes and testing their properties. 

(3) Depositing thin films of MIPs on electrodes' surfaces and then optimizing deposition 

procedures. 

(4) Studying morphology and physicochemical properties of MIP films. 

http://rcin.org.pl



53 
 

(5) Applying the MIP films for selective chemosensors fabrication for determining 

chosen toxin analytes selectively.  Determining analytical parameters of these 

chemosensors.  Elaborating determination procedures. 

The preliminary step of the research was selecting the appropriate functional 

monomers bearing functionalities capable of recognizing functionalities of the 

molecules of given toxin templates to form pre-polymerization complexes in solutions.  

Then, these complexes were potentiodynamically electropolymerized in the presence of 

cross-linking monomers and simultaneously deposited as thin MIP films on electrodes.  

Subsequent removal of the toxin template molecules from these MIPs vacated 

molecular cavities capable of selectively recognizing these toxins as analytes.  Thus, 

these films played the chemosensor recognition units' role in the selective determination 

of food toxins. 

Control NIP films were prepared under the same conditions as the MIP films but 

without templates in the solutions.  Comparison of the MIP with NIP performance 

allows for verifying the extent of imprinting. 

2.2.1.2 Quantum-chemistry calculations and selecting appropriate functional 

monomers for synthesizing (food toxin)-templated MIP films 

The computational calculations were performed with Gaussian 09 software98 

(Gaussian, Inc., CT, USA), installed on the high-performance computer with the 16-

core Intel Xeon E5620 2.4 GHz processor and 8 GB RAM, to choose appropriate 

functional monomers that can interact with template molecules and form stable pre-

polymerization complexes.  The computational density functional theory (DFT) 

modeling at the B3LYP/3-21G level was applied to calculate values of Gibbs free 

energy changes, Δ𝐺, accompanying complex formation.  The 3-D structures of the 

template, functional monomers' molecules, and their complexes were visualized with 

GaussView software.  Then, DFT calculations were performed on their optimized 

structures using Gaussian 09 software, and the Δ𝐺 values were acquired. 

2.2.1.3 Confirming complex stability by UV-vis spectroscopy 

UV-vis spectroscopy titration confirmed stable pre-polymerization complex formation 

of the chosen functional monomers with the N-nitroso-L-proline (Pro-NO) template, 

optimized by computational calculations.  A UV-2550 spectrophotometer of Shimadzu 

Corp. controlled by UVProbe 2.21 software of the same manufacturer was used for the 
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experiments.  UV-vis spectra were recorded with 0.1 nm resolution.  Moreover,  

the stoichiometry of the pre-polymerization complex was determined by plotting 

functional monomer absorbance at 320 nm versus the concentration of Pro-NO, 

𝑐Pro−NO.  The stability constant, 𝐾s, was calculated with the Scatchard method353 using 

the following equation: 

 
(𝐴𝑏𝑠(FM)−𝐴𝑏𝑠(FM)0)

2 𝑐(Pro−NO)
2 = −𝐾s(𝐴𝑏𝑠(FM) − 𝐴𝑏𝑠(FM)0

) + 𝐾s𝑐(FM)0
Δ𝜀[2(FM)−(Pro−NO)] (Equation 2.2-1) 

 

where 𝐴𝑏𝑠(FM)0
 and 𝐴𝑏𝑠(FM) represent functional monomer absorbance before and after 

Pro-NO addition, respectively; 𝑐(FM)0
 stands for the initial functional monomer 

concentration, equal to 31.25 µM.  The Δ𝜀[2(FM)−(Pro−NO)] = 𝜀(FM) − 𝜀(Pro−NO) 

dependence links the 𝜀[2(FM)−(Pro−NO)] molar complex absorptivity with that of the 

functional monomer, 𝜀(FM), and Pro-NO, 𝜀(Pro−NO).  The 𝐾s value was determined from 

the slope of the linear dependence of 
(𝐴𝑏𝑠(FM)−𝐴𝑏𝑠(FM)0)

2 𝑐(Pro−NO)
2  on (𝐴𝑏𝑠(FM) − 𝐴𝑏𝑠(FM)0

), 

according to Equation 2.2-1. 

2.2.1.4 Preparing electrodes before measurements 

Before depositing an MIP film on the surface of a disk electrode, this surface was 

cleaned in the "piranha" solution for 10 min, then consecutively polished with the 

alumina slurries of the 1.0, 0.3, 0.05-μm diameters and rinsing with deionized water.  

Finally, electrodes were sonicated in ethanol for 10 min. (Warning.  Piranha solution is 

dangerous upon contact with the skin or eyes). 

Au-layered glass slides with a 100-nm thick Au film vapor deposited over a 15-nm 

thick Ti underlayer (Institute of Electronic Materials Technology, Warsaw, Poland) 

were cleaned by 10-min ultrasonication (160 W power IS-3R of InterSonic, Olsztyn, 

Poland) in acetone, then isopropanol, and then dried in an argon stream.  Later, the 

polymer films were deposited on these slides under conditions like those used for disk 

electrodes.  Those MIP film-coated slides were applied for polymer characterization 

with XPS, AFM, SEM, and polarization-modulation infrared reflection-absorption 

spectroscopy (PM-IRRAS). 

Commercial BK7 24-mm diameter Au-layered glass disks (Autolab-Metrohm) 

were used in SPR spectroscopy measurements.  Before the experiments, the disks were 

cleaned with methanol, then isopropanol, and then dried in an argon stream. 
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AT-cut plano-plano 10-MHz quartz crystal resonators (QCRs), coated with  

a 100-nm thick Au layer over a 10-nm thick Ti underlayer, were cleaned with methanol, 

then dried in an Ar stream. 

2.2.1.5 Instrumentation for imprinted and non-imprinted polymer films preparation 

Polymers were deposited on electrodes by oxidative electropolymerization under 

potentiodynamic conditions using a computerized electrochemistry system of 

AUTOLAB, composed of a PGSTAT12 potentiostat/galvanostat equipped with a FRA2 

frequency response analyzer controlled by GPES 4.9 software, all from the Eco Chemie 

manufacturer. 

A platinum disk electrode was used as the working electrode placed in a three-

electrode, one-compartment V-shaped glass electrochemical minicell (Scheme 2.2-1) 

with an Ag wire coated with the AgCl and a coiled Pt wire serving as the quasi-

reference and counter electrode, respectively. 

 

 

Scheme 2.2-1.  The cross-sectional view of a V-shaped three-electrode electrochemical 
glass minicell. 

 

Furthermore, Au electrodes of QCRs were coated with MIP or NIP films by 

oxidative polymerization under potentiodynamic conditions using the EP-20 

Potentiostat coupled with the EQCM 5710 model quartz crystal microbalance controlled 

by EQCM 5710-S2 software, all of the IPC PAS, Warsaw.  A quartz crystal holder 
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(Scheme 2.2-2a) was clamped horizontally with its QCR positioned upwards to deposit 

an MIP film on the surface of the resonator's electrode.  An AgǀAgCl and coiled Pt wire 

used as a quasi-reference and auxiliary electrode, respectively, were mounted close to 

the working electrode of the QCR (Scheme 2.2-2b). 

 

 

Scheme 2.2-2.  (a) The expanded view of the EQCM holder and (b) arrangement of the 
coiled Pt wire auxiliary electrode and the AgǀAgCl quasi-reference electrode in the 
vicinity of QCR, mounted in the EQCM holder cavity.354 
 

Moreover, an Au-layered glass disk was coated with an MIP film for the SPR 

spectroscopy measurements.  For polymer deposition, an SPR chip serving as the 

working electrode was placed in a cuvette close to the AgǀAgCl quasi-reference and Pt 

wire counter electrodes.  Electropolymerization was performed using the Autolab 

ESPRIT instrument of Eco Chemie (Utrecht, The Netherlands), equipped with a 

computerized PGSTAT128N potentiostat/galvanostat and controlled by the AUTOLAB 

SPR Data Acquisition and GPES 4.9 software of the same manufacturer. 
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2.2.1.6 Preparing MIP film templated with N-nitroso-L-proline 

For depositing a (Pro-NO)-templated MIP film, the 1-mm diameter Pt disk electrode 

was first cleaned, as described in Section 2.2.1.4.  Afterward, an acetonitrile solution of 

50 µM Pro-NO template, 100 µM p-bis(2,2'-bithien-5-yl)-methylphenol (FM 1) 

functional monomer, 500 µM 5,5',5''-methanetriyltris(2,2'-bithiophene), CM 1 cross-

linking monomer, and 100 mM (TBA)ClO4 supporting electrolyte was used as the pre-

polymerization complex solution.  For polymer film deposition, the pre-polymerization 

complex formed was oxidatively electropolymerized under potentiodynamic conditions 

within five potential cycles at a scan rate, 𝜈, of 50 mV s−1 at the potential range of 0 to 

1.30 V vs. Ag quasi-reference electrode.  Then, the Pro-NO template was removed from 

the resulting MIP film by immersing the electrode coated with this film in 0.1 M NaOH 

for 20 min with magnetic stirring.  Additionally, an NIP film was prepared under the 

same conditions as the (Pro-NO)-MIP film, but in the template absence, to assess 

imprinting efficiency. 

Afterward, the (Pro-NO)-templated MIP film was deposited on QCR in the same 

way as described above for PM experiments. 

2.2.1.7 Synthesizing MIP film imprinted with p-synephrine  

An acetonitrile solution of the 10 μM p-synephrine (SYN) template,  

30 μM 2,2'-bithiophene-5-carboxylic acid (FM 3) functional monomer,  

300 μM 2,3'-bithiophene (CM 2) cross-linking monomer, and 100 mM (TBA)ClO4 

supporting electrolyte was prepared toward the formation of the pre-polymerization 

complex.  Afterward, this complex was deposited as a thin MIP film on the 1-mm Pt 

disk electrode by potentiodynamic electropolymerization with five potential cycles at a 

scan rate of 50 mV s−1 over the potential range of 0 to 1.30 V vs. Ag quasi-reference 

electrode.  Finally, the template was removed from the film, leaving molecular voids 

capable of interacting with the SYN molecules, allowing the determination of this toxin.  

Control NIP was also prepared as a proof of the imprinting concept. 

Furthermore, an SYN-templated MIP film was deposited on the Au-layered glass 

slides as described for disk electrodes for AFM and UV-vis spectroscopy 

measurements. 

Moreover, SPR chips were coated with SYN-templated MIP films and NIP control 

films under the same conditions as those mentioned above for SPR measurements. 
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2.2.1.8 Preparing self-reporting (p-synephrine)-templated MIP films with the 

covalently immobilized ferrocene redox probe 

Five different MIP films, namely (SYN-Fc)-(MIP-1), (SYN-Fc)-(MIP-2), (SYN-Fc)-

(MIP-3), (SYN-Fc)-(MIP-4), and (SYN-Fc)-(MIP-5), were synthesized, then examined.  

For the (SYN-Fc)-(MIP-1) film formation, an acetonitrile solution of 10 µM SYN 

template, 30 μM FM 3 functional monomer, 100 μM bis-(2,2'-bithienyl)-4-

ferrocenylphenyl methane Fc, and 0.1 M (TBA)ClO4 supporting electrolyte was 

prepared.  The (SYN-Fc)-(MIP-1) film was deposited on the Pt disk electrode surface 

by potentiodynamic electropolymerization with five potential cycles from 0 to 1.30 V 

vs. Ag quasi-reference electrode and at a potential scan rate of 50 mV s−1. 

The (SYN-Fc)-(MIP-2) film was prepared similarly to the (SYN-Fc)-(MIP-1) film 

but with 100 μM sodium thiophen-2-yl methanesulfonate present in the pre-

polymerization complex solution. 

The (SYN-Fc)-(MIP-3) film was likewise formed as (SYN-Fc)-(MIP-1) film but 

with 100 μM chromotropic acid disodium salt in the solution for electropolymerization. 

For the (SYN-Fc)-(MIP-4) film synthesis, a solution of 10 µM SYN, 30 μM 

functional monomer FM 3, 100 μM ferrocene derivative Fc, 100 μM sodium thiophen-

2-ylmethanesulfonate, and 0.1 M (TBA)ClO4 in toluene, the 1-decyl-3-

methylimidazolium bis(trifluoromethanesulfonyl) imide ionic liquid, and acetonitrile at 

the ratio of 1 : 2.5 : 6.5 (v : v : v) was prepared.  The (SYN-Fc)-(MIP-4) film was 

deposited on the Pt disk electrode by potentiodynamic electropolymerization at a 

potential scan rate of 50 mV s−1 with three potential cycles in the range of 0 to 1.10 V 

vs. Ag quasi-reference electrode. 

Finally, to prove the validity of applying sodium thiophen-2-yl methanesulfonate, 

the (SYN-Fc)-(MIP-5) film was prepared under similar conditions as the (SYN-Fc)-

(MIP-4) film but without the monomer mentioned above.  Thus, 10 µM SYN, 30 µM 

FM 3, 100 μM Fc, and 0.1 M (TBA)ClO4 in a mixture of the 1-decyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide ionic liquid and acetonitrile, 1 : 

3 (v : v), was prepared.  The (SYN-Fc)-(MIP-5) film was deposited on the electrode 

surface by electropolymerization under potentiodynamic conditions with three potential 

cycles at a potential scan rate of 50 mV s−1 in the range of 0 to 1.10 V vs. Ag quasi-

reference electrode. 
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For SYN template extraction from the (SYN-Fc)-(MIP-1), (SYN-Fc)-(MIP-2), and 

(SYN-Fc)-(MIP-3) films, the electrodes with deposited polymers were immersed in 

0.1 M NaOH for 60 min under magnetic stirring.  For SYN template extraction from the 

(SYN-Fc)-(MIP-4) and (SYN-Fc)-(MIP-5) films, the electrodes with deposited 

polymers were dipped in 0.01 M Et3N for 5 min under stirring conditions.  Moreover, a 

control (SYN-Fc)-(NIP-4) film was prepared under the same conditions as the (SYN-

Fc)-(MIP-4) film but without the template. 

Furthermore, for PM measurements, QCRs were coated with (SYN-Fc)-(MIP-4) 

films by potentiodynamic electropolymerization with one cycle in the range of 0 to 

1.20 V vs. Ag quasi-reference electrode at a potential scan rate of 50 mV s−1.  For that, 

100 µM SYN, 300 μM FM 3, 1 mM Fc, 1 mM sodium thiophen-2-ylmethanesulfonate, 

and 0.1 M (TBA)ClO4 in the mixture of toluene, the 1-decyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl) imide ionic liquid, and acetonitrile at the ratio of 1 : 2.5 : 

6.5 (v: v : v) was used for electropolymerization. 

For SPR experiments, the (SYN-Fc)-(MIP-4) film was deposited on an Au-layered 

glass disk under the same conditions as above, optimized for piezomicrogravimetric 

measurements. 

2.2.1.9 Instrumentation and procedures for MIP and NIP films' characterization by 

spectroscopic and microscopic techniques  

XPS measurements were performed to unravel the surface chemical composition of 

MIP and NIP films and confirm that extraction of the templates from the MIPs was 

successful.  The XPS spectra were recorded on a PHI 5000 Versa Probe-Scanning 

ESCA microprobe (ULVAC-PHI) by applying monochromatic Al Kα radiation 

(ℎ𝜈 = 1486.4 eV).  The data were evaluated using Casa XPS software.  The Shirley and 

mixed Gaussian-Lorentzian methods were used for background subtraction and peak 

fitting, respectively.  The electron binding energy (𝐵𝐸) of the C 1s peak 

(𝐵𝐸 = 284.6 eV) was selected as the internal binding energy reference. 

Infrared (IR) spectroscopy measurements were performed to compare the MIP film 

before and after template removal and with the NIP film.  IR spectra were recorded with 

2-cm−1 resolution for the films using a Fourier-transform infrared (FTIR) spectrometer 

Vertex 80v (Bruker Corporation, USA) controlled by Opus 6.5 software from the same 

manufacturer.  The instrument was equipped with a (liquid nitrogen)-cooled MCT (Hg-

Cd-Te) detector and the PMA50 module to conduct PM-IRRAS experiments.  Au-
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layered glass slides coated with polymer films were placed in a dedicated holder.  The 

incidence angle of the p-polarized light beam was set at 83° to the normal to the slides.  

1024 scans were recorded for each spectrum.  The IR spectroscopy data recorded for a 

bare Au-layered glass slide was used as the background for further measurements of 

polymer film-coated samples.  Moreover, spectra were recorded in a reflection mode 

with the 2-cm−1 resolution using the same spectrometer, except for Monolayer/Grazing 

Angle Specular Reflectance Accessory type GS19650 (Specac, UK).  For fitting the IR 

spot's dimension to the sample's dimension, the incident and reflection angles were set 

to 60º.  The spectrometer operated under low pressure to minimize the influence of 

different atmosphere components.  During measurements, the pressure inside the 

sample chamber was kept below 5 hPa. 

Further, MIP and NIP films were imaged with a MultiMode 8 AFM microscope of 

Bruker with the Peak Force Quantitative Nanomechanical properties mapping and 

equipped with a Nanoscope V controller.  Au-layered glass slides were scanned 

applying the Peak Force Tapping mode™ as well as ScanAssyst™ mode.  The 

calibrated rotated tapping etched silicon probe Sb-doped Si cantilevers featuring the 

force constant of 52.2 N m−1 were used for the experiments.  For evaluation of average 

polymer film thickness, scratches were made with a Teflon spatula in different places of 

the films deposited on Au-layered glass slides, and then the height of the resulting steps 

was determined far from a partially detached front of the step.  Finally, the mean of step 

heights measured for scratches was calculated, resulting in an average film thickness.  

Moreover, AFM measurements were performed to assess the polymer films' thickness 

in the solution.  For that, Au-glass slides coated with polymer films were scanned using 

an HQ-NSC35 B cantilever with a spring constant of 16 N m−1. 

Self-reporting MIP films were characterized with SEM imaging by a NanoSEM 

450 microscope (FEI Nova, U.K.) equipped with an energy-dispersive X-ray (EDX) 

spectroscopy spectrometer for the EDX analysis. 

2.2.1.10 General procedures and instrumentation for MIP and NIP films 

characterization by CV, DPV, and EIS measurements  

The CV, DPV, and EIS measurements were performed using an AUTOLAB 

computerized electrochemistry system controlled by GPES 4.9 software.  The system 

comprised a PGSTAT12 potentiostat/galvanostat and a FRA2 frequency response 

analyzer from Eco Chemie.  For the experiments, a V-shaped glass minicell was 
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employed with an MIP film-coated Pt disk electrode, an Ag wire coated with the AgCl 

film, and a coiled Pt wire, serving as the working, quasi-reference, and auxiliary 

electrode, respectively (Scheme 2.2-1).  The minicell was filled with 0.1 M 

K3[Fe(CN)6] and 0.1 M K4[Fe(CN)6] redox probe in a 0.1 M phosphate buffer, PB 

(pH = 7.0) solution or 0.1 M K3[Fe(CN)6] and 0.1 M K4[Fe(CN)6] redox probe in 0.1 M 

PBS (pH = 7.4) for characterization of the (Pro-NO)-MIP or SYN-MIP film, 

respectively.  For self-reporting MIP films' characterization, either (redox probe)-free 

PBS (pH = 7.4) or 0.1 M (TBA)ClO4 in acetonitrile was applied. 

After polymer film deposition on the electrode surface using potentiodynamic 

electropolymerization, templates were removed from MIPs by immersing the MIP film-

coated electrodes in dedicated extracting solutions under stirring.  After each extraction 

step, a DPV voltammogram and EIS spectrum were recorded at the electrode dipped in 

a blank supporting electrolyte solution.  The potential was scanned within 30 cycles 

from 0 to 0.6 V vs. Ag quasi-reference electrode before each measurement to attain 

steady-state conditions.  Template extraction from the MIP film was seized when the 

redox probe DPV peak reached a constant height.  In the DPV experiments, the 

potential was scanned from 0 to 0.60 V vs. Ag quasi-reference electrode with a potential 

step of 5 mV, a pulse width of 50 ms, and an amplitude of 25 mV.  The EIS spectra 

were recorded in the frequency range of 1 MHz to 100 mHz with 10-mV sinusoidal 

amplitude of an alternating voltage applied to the working electrode at the open circuit 

or the potential of 0.20 V vs. quasi-reference electrode.  Results obtained from the EIS 

experiments were fitted with parameters of equivalent circuits using Z-View software of 

the Scribner Associates, Inc.  NIP film-coated electrodes were also dipped in an 

appropriate extraction solution to check if the extraction influences polymer 

morphology. 

Food toxins' DPV and EIS determinations were performed under conditions like 

those for the polymer films' characterization.  Analyte samples of known concentrations 

were added to the respective supporting electrolyte solution, and then the solution was 

magnetically stirred for 10 min allowing the analyte to interact with the polymer.  DPV 

voltammograms and EIS spectra were consecutively recorded at (template extracted)-

MIP film-coated electrode.  For DPV chemosensors, calibration curves were plotted 

based on the difference or relative difference between the DPV peak current for 

different analyte concentrations.  For EIS chemosensors, data were fitted using an 

equivalent circuit provided by Z-View software.  Subsequently, 𝑅ct values determined 
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for different analyte concentrations were applied to construct calibration curves.  The 

chemosensors’ selectivity was determined by analyzing the sensitivity of structurally 

and functionally similar interferences under the same DPV and EIS experimental 

conditions. 

2.2.1.11 General procedures and instrumentation for MIP chemosensors 

characterization by piezoelectric microgravimetry (PM) at an 

electrochemical quartz crystal microbalance (EQCM) 

The Pro-NO analyte in a PB (pH = 7.0) solution was determined by PM under flow-

injection analysis (FIA) conditions.  For that, a (Pro-NO)-MIP film-coated QCR was 

mounted in a flow-through EQCM 5610 holder (Scheme 2.2-3a), interfaced with a 

KDS100 syringe pump (KD Scientific, Inc.), and then rinsed with 0.1 M NaOH to 

extract the Pro-NO template from the MIP.  Subsequently, PB (pH = 7.0) was pumped 

through the holder at 30 μL min−1, maintaining a laminar flow of the carrier solution to 

the MIP film.  Then, samples of Pro-NO were injected into the PB solution, and the 

resonant frequency changes with time generated because of the analyte presence were 

recorded.  The PM setup applied for the Pro-NO determination under FIA conditions is 

presented in Scheme 2.2-3b. 

Further, the (SYN-Fc)-(MIP-4) film was characterized by PM at EQCM under 

stagnant-solution conditions.  Toward that, a QCR holder with a template-free self-

reporting MIP film-coated QCR mounted was immersed in a V-shaped electrochemical 

glass cell (Scheme 2.2-4) filled with 0.1 M (TEA)ClO4 in acetonitrile.  A coiled Pt wire 

and an Ag wire coated with AgǀAgCl were used as the respective counter and quasi-

reference electrodes.  The current was recorded simultaneously with the resonance 

frequency change and the dynamic resistance change during potential cycling between 

0.2 to 0.65 V vs. Ag quasi-reference electrode in the absence and then in the presence of 

the SYN analyte in the test solution. 
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Scheme 2.2-3.  Scheme of (a) a flow-through holder for a quartz crystal resonator for 
FIA measurements using EQCM 5610 microbalance and (b) a setup used for PM 
experiments under FIA conditions using QCR coated with either (Pro-NO)-extracted 
MIP film or NIP film.355 
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Scheme 2.2-4.  Cross-sectional view of the V-shaped electrochemical glass cell for the 
EQCM holder assembly. 
 

2.2.1.12 Procedures and instrumentation for MIP and NIP film characterization by 

surface plasmon resonance (SPR) spectroscopy 

Additionally, SYN-MIP and (SYN-Fc)-MIP-4 films were examined with SPR.  For the 

experiments, the Autolab Esprit instrument, connected to a PGSTAT128N 

potentiostat/galvanostat and controlled by AUTOLAB SPR Data Acquisition and 

GPES 4.9 software, all from the same Eco Chemie (Utrecht, The Netherlands) 

manufacturer, was used.  For measurements, (template extracted)-MIP film-coated SPR 

chip was placed in the cuvette and then filled with the PBS (pH = 7.4) solution.  The 

minimum of resonance was recorded vs. the laser beam angle reflected from the Au 

surface after injections of the solution of the SYN analyte of different concentrations.  

The same procedure was applied to the NIP film-coated SPR chips.  Measurements 

were performed at a constant temperature of 20 (±1) °C. 
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2.2.1.13 Determining food toxins in real samples 

The Pro-NO was determined in grilled pork neck to confirm that the (Pro-NO)-MIP film 

chemosensor is an appropriate tool for real sample analysis.  For that purpose, the meat 

was purchased in a local butcher shop, followed by grilling and blending with water.  

The pork processed that way was mixed with 0.1 M in K3[Fe(CN)6] and 

0.1 M K4[Fe(CN)6] redox probe in the PB (pH = 7.0) solution and then ultrasonicated 

for 10 min.  Afterward, the sample was centrifuged for 15 min.  The supernatant was 

recovered and then spiked with Pro-NO samples of known concentrations.  After each 

Pro-NO sample solution was injected, DPV curves were recorded, and then DPV peaks 

were normalized against the voltammogram for the lowest analyte concentration.  

Finally, recovery was determined. 

The SYN analyte was determined in a dietary supplement to demonstrate the self-

reporting MIP chemosensor applicability for SYN determining in real samples.  For 

that, the SYN-containing product, SYNEPHRINE EXTREME dietary supplement, was 

purchased from GymBeam s.r.o. Company.  Five tablets from the dietary supplement 

(10 mg SYN each) were grounded in a mortar to a fine powder.  Next, 1 mg of this 

powder was dissolved in 10 mL of methanol, then filtered.  A 10 µL sample of the 

filtrate was diluted with 0.1 M (TBA)ClO4 in acetonitrile, reaching the volume of 

10 mL.  After that, the DPV signal of the self-reporting MIP chemosensor was recorded 

for 0.1 M (TBA)ClO4 in acetonitrile and after each addition of a stock solution of SYN.  

Lastly, recovery values were calculated using the calibration curve constructed. 

2.2.2 Procedures and instrumentation for preparation and characterization of 

chemosensors based on glyphosate-templated MIP nanoparticles (MIP 

NPs) 

2.2.2.1 Computational simulations for the preparation of glyphosate-templated MIP 

nanoparticles (MIP NPs) 

2.2.2.1.1 Sybyl calculations 

The Leapfrog algorithm available in Sybyl 7.3 software (Tripos Inc., USA) was applied 

to the preliminary screening of a library of monomers frequently used for MIP NPs' 

preparation.170, 356  Powell's minimization method was used with Tripos force fields and 

Gasteiger-Hückel charges to minimum energy of 0.0042 kJ mol−1.  For an aqueous 
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environment stimulation, the electric permittivity of 80 was applied.  Molecular 

modeling was performed using an HP Elite-Desk with two Intel Core™ Duo CPU 

E8400 and 3 GHz processors running on a CentOS Linux 7 operating system.  The 

database included neutral and charged forms of 60 functional monomers.  The screening 

was conducted for 60 000 iterations, searching for possible interactions between the 

functional monomers and the GLY template.  Results were evaluated based on the 

binding scores.357 

2.2.2.1.2 DFT calculations 

The DFT calculations were carried out using the DFT b3lyp functional with a 6-31g(d) 

basis set at room temperature.  Gaussian 16 software and multicore PC were used to 

simulate structures of GLY, functional monomers, and their complexes.  The input files 

and the output data visualization were prepared using ChemCraft 1.8 software.  The 

presence of the solvent, DMF, was simulated with the polarizable continuum model 

(PCM). 

2.2.2.2 General procedure of glyphosate-templated MIP nanoparticles (MIP NPs) 

synthesis  

The solid-phase synthesis of the MIP NPs used herein involved preparing a template-

derivatized solid-phase and synthesizing MIP NPs around these surface-immobilized 

template molecules by free radical polymerization (Scheme 2.2-5).  This procedure was 

adapted from Canfarotta et al.358 and Garcia-Cruz et al.348 and then modified.  It is based 

on the covalent immobilization of the GLY template on a solid support. 

Its first step consisted of glass beads' surface activation.  That was accomplished by 

boiling the beads in NaOH to prepare beads bearing –NH2 groups.  This activation 

facilitated subsequent surface silanization by increasing the number of silanol groups. 

To more detail, glass beads with a diameter ranging from 70 to 100 µm were boiled 

in 4.0 M NaOH for 15 min.  Next, they were washed with deionized water under a 

vacuum, then immersed in 10 mM PBS (pH = 7.4) for 5 min.  Subsequently, the beads 

were separated on a Büchner funnel, then washed with deionized water under vacuum 

until the final pH was between 6 and 8.  Afterward, the beads were rinsed with acetone, 

then dried in an oven for 15 min at 50 ℃ and then for 2 h at 150 ℃. 

Subsequently, the activated beads were silanized.  For that, the beads were 

immersed in an anhydrous toluene solution of 3% (v/v) (3-aminopropyl)triethoxysilane 
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(APTES) and 2.4% (v/v) 1,2-bis(triethoxysilyl)ethane (BTSE) to introduce amino 

groups on their surface.  A closed bottle with this mixture was kept overnight at 80 ℃.  

Subsequently, the beads were separated, then rinsed with methanol, and then with 

acetone, followed by drying in an oven for 15 min at 50 ℃ and then for 2 h at 150 ℃.  

Next, the beads were analyzed using the dansyl method.  Toward that, they were 

immersed in 1 mg/mL l-dimethylaminonaphthalene-5-sulfonyl chloride (dansyl 

chloride) in acetonitrile, then kept in the dark for 1 h.  Non-silanized beads were treated 

the same way and used as a control.  After this treatment, the beads were washed with 

acetonitrile, then placed under a UV lamp to check if they were fluorescent, thus 

evidencing the –NH2 groups' immobilization on their surface. 

Then, GLY was immobilized on silanized glass beads by N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide (ECD) with N-hydroxysuccinimide (NHS) 

coupling.  This coupling afforded GLY molecules attachment via their –COOH groups 

to amino groups on the beads' surface (Scheme 2.2-5).  First, GLY was activated by 

adding ECD (10 mg mL−1, 64 mM) and NHS (15 mg mL−1, 130 mM) to the GLY 

solution (1 mg mL−1, 5.92 mM) in deionized water.  The silanized beads were immersed 

in PBS (pH = 7.4), then added to the activated GLY solution.  Next, the reaction 

mixture was left for 4 h at room temperature.  Finally, the beads were rinsed with water, 

then dried under a vacuum, and then stored at 4 ℃ until used for polymerization. 

 

Scheme 2.2-5.  The flowchart of template tethering to glass beads for surface 
immobilizing of common functional groups.358 
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Next, polymerization was performed.  Because of the small size of imprinted GLY 

molecules, low number of sites of interaction with the monomers, and possible 

competitive interaction with water molecules through hydrogen bonding, GLY-MIP 

NPs were synthesized using an organic solvent.  Usually, a pre-polymerization complex 

in an organic solvent solution contains acrylic and other monomers with functionalities 

capable of recognizing the template binding sites.  EGDMA and trimethylolpropane 

trimethacrylate (TRIM) are commonly used as cross-linking monomers because their 

combination leads to polymers with superior recognition capability.359  Here, N,N′-

diethyldithiocarbamic acid benzyl ester was applied as the iniferter.  That is, it 

functioned as the initiator, transfer agent, and terminator as well.360  Moreover, iniferter 

polymerization enables reasonable particle size and chain length control because it is 

slower than conventional radical polymerization.361  Furthermore, a pentaerythritol 

tetrakis(3-mercaptopropionate) chain transfer agent was employed to improve 

polymerization control.  Finally, a polymerizable ferrocene derivative, ferrocenylmethyl 

methacrylate (FMAA), was added to the pre-polymerization complex mixture as the 

internal redox probe.  Introducing an electroactive ferrocene monomer resulted in the 

fabrication of a self-reporting electrochemical chemosensor based on electroresponsive 

MIP NPs.  Therefore, MIP NPs were used as both selective recognition units and 

reporters.345, 347-349 

Four different pre-polymerization complex mixtures were designed and analyzed to 

devise a chemosensor based on electroresponsive MIP NPs.  All mixtures comprised the 

same FMAA ferrocene derivative as the redox probe, the same EGDMA and TRIM 

cross-linking monomers, the same N,N-diethyldithiocarbamic acid benzyl ester iniferter, 

and the same pentaerythritol tetrakis(3-mercaptopropionate) chain transfer agent.  

Moreover, the following functional monomers were added to the pre-polymerization 

complex mixtures, including itaconic acid (ITA) in the first one and AAm and ethylene 

glycol methacrylate phosphate (EGMP) in the second.  N-Allylurea (AU), 2,2,2-

trifluoroethyl methacrylate, and methacrylic acid (MAA) were in the third, and a 

squaramide-based monomer (SQ6), allylamine (AAm), and hydroxyethyl methacrylate 

in the fourth.  Scheme 2.2-6 compares formulations of all pre-polymerization complex 

mixtures. 
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Scheme 2.2-6.  Structural formulas of the functional and cross-linking monomers, as 
well as the GLY template, the iniferter, and the chain transfer agent used to prepare all 
Gly-MIP NPs. 
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The components of each polymerization were dissolved in dimethylformamide 

(DMF).  The resulting mixtures were placed in vials and purged with a slow stream of 

nitrogen for 10 min to remove oxygen.  Then, GLY-(glass beads) were placed 

separately in four flat-bottom glass vessels, and all four polymerization mixtures were 

poured into these vessels.  The reactions were initiated by placing the vessels between 

two UV light sources (Philips model HB/171/A, 4×15 W/cm) for 1 min for the first and 

second polymerization, as well as 1 min and 20 s for the third and fourth 

polymerization, under a nitrogen stream. 

The final solid-phase MIP NPs synthesis step involved selecting and separating 

high-affinity MIP NPs.  Significantly, the beads also fulfilled the role of an affinity 

resin to separate high-affinity MIP NPs from unreacted monomers, oligomers, and low-

affinity MIP NPs.  After the synthesis, the entire content of the vessels was transferred 

into solid-phase extraction (SPE) cartridges fitted with a 20-μm porosity polyethylene 

frit.  The SPE cartridges were placed in ice baths at 0 ℃ for 10 min.  Then, supernatants 

were removed using vacuum suction.  The solids were washed at a low temperature to 

eliminate low-affinity MIP NPs and non-polymerized monomers.  Toward that, four-

bed volumes of DMF at 0 °C, then three volumes of DMF/EtOH, 50 : 50 (v : v) 

solutions, and then three volumes of EtOH at 0 °C were used.  After washing at a low 

temperature, the SPE cartridges were immersed in baths at 60 °C.  Washing the beads at 

a higher temperature permits the collection of high-affinity MIP NPs because stronger 

interactions between MIP NPs and the template can be cleaved under these conditions. 

High-affinity MIP NPs were collected by washing the solids with ethanol.  

Subsequently, the eluted MIP NPs were purified by dialysis.  For that, 100 mL of the 

MIP NPs suspensions in EtOH were concentrated to 10 mL and then diluted 10 times 

with deionized water.  The MIP NPs were purified using SnakeSkin dialysis membrane 

tubing (Spectra/Por 7, regenerated cellulose, 10 kDa MWCO, 11 cm tubing length, 

32 mm flat width, 20.4 mm diameter, 3.3 mL cm−1).  The MIP NPs suspensions were 

dialyzed for 8 h, and the water was changed every 2 h.  The resulting high-affinity MIP 

NPs were stored at 4 ℃, then used to modify the screen-printed Pt electrodes (SPPtEs). 

2.2.2.3 General procedure for electrode functionalizing with MIP NPs for 

determining glyphosate 

Synthesized MIP NPs were covalently immobilized on SPPtEs.  For that, SPPtEs were 

cleaned in isopropanol, then in deionized water.  Next, the electrodes' surfaces were 
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activated using argon plasma for 10 min.  Afterward, SPPtEs were immersed in a 

solution of 5% water in ethanol with 6% (v/v) either (3-aminopropyl)triethoxysilane 

(APTES) or N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AAPS) for 1 h.  Finally, 

electrodes were rinsed with ethanol, then heated in the oven at 120 ℃ for 30 min. 

ECD and NHS were used to immobilize MIP NPs bearing –COOH groups (MIP 

NPs-1 obtained from the first synthesis) on the surfaces of electrodes.  To this end, the 

ECD and NHS ethanol solutions were mixed with high-affinity GLY-MIP NPs and left 

for 10 min.  Subsequently, the solution was deposited on the surfaces of silanized 

SPPtEs, then left overnight.  Next, the electrodes were rinsed with deionized water and 

stored at room temperature in the dark for further use. 

For MIP NPs bearing –NH2 groups (MIP NPs-2, -3, and -4, obtained from the 

second, third, and fourth synthesis, respectively) immobilizing on SPPtEs, silanized 

SPPtEs were immersed in a solution of 10% glutaraldehyde in PBS (pH = 7.4) for 1 h, 

and then the electrodes were rinsed with deionized water.  Subsequently, high-affinity 

MIP NPs were deposited onto the surfaces of electrodes and left for 1 h.  Next, MIP 

NPs-coated SPPtEs were rinsed with water, then immersed in 0.1 mM ethanolamine 

solution of PBS (pH = 7.4) for 15 min to block unreacted groups.  Afterward, SPPtEs 

were rinsed with water, and a sodium cyanoborohydride solution was drop-cast on the 

surfaces of electrodes, then left for 20 min (Scheme 2.2-7).  Finally, SPPtEs were rinsed 

with deionized water and stored at room temperature in the dark for the next step. 

 

 

Scheme 2.2-7.  A flowchart of the MIP NPs synthesis, then elution, followed by their 
immobilization on the screen-printed platinum electrode (SPPtE) surface using insulin 
as a model template.348 
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2.2.2.4 Optimizing electrode modification conditions 

Most parameters of the electrode modification with MIP NPs, including silane 

concentration, MIP NPs immobilization time, and concentration, were the same as in 

the previous report.349  Additionally, two silanes, vis., (3-aminopropyl)triethoxysilane 

(APTES) and N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AAPS), used for the 

electrodes' silanization were tested in DPV measurements.  The chemosensors prepared 

using either APTES or AAPS were examined by comparing their DPV peaks for 

different concentrations of GLY in 10 mM PBS (pH = 7.4). 

2.2.2.5 Electrochemical characterizing the MIP NPs chemosensor  

DPV and EIS were used to characterize the chemosensor, in 10 mM PBS (pH = 7.4), at 

each step of its fabrication.  DPV measurements were carried out in a range of −0.25 V 

to 0.80 V vs. Ag quasi-reference electrode.  Moreover, the EIS spectra in the range of 

10 MHz to 100 mHz at 0.10 V vs. Ag quasi-reference electrode were recorded. 

2.2.2.6 Analytical performance of MIP NPs chemosensors 

After the electrode surface coating with MIP NPs, all four MIP NPs chemosensors in 

10 mM PBS (pH = 7.4) were tested with DPV in a range of −0.25 V to 0.8 V vs. Ag 

quasi-reference electrode.  GLY samples were drop-cast on the surface of SPPtEs 

coated with MIP NPs, and DPV measurements were trice repeated for each GLY 

concentration.   

2.2.2.7 Preparation of real water samples 

Water samples were collected from a river near farmland located close to Warsaw, 

Poland.  First, 2 mL of this water was filtered by syringe with a PTFE microfiltration 

membrane (pore diameter of 0.45 μm, 25-mm diameter, at 87 psi) of Corning, Inc.  

Then, 100 µL of the filtered sample was diluted with PBS (pH = 7.4) to a volume of 

10 mL.  Finally, the samples were spiked with the GLY stock solution, resulting in 

GLY concentrations in the 0.05 to 100 nM range.  GLY was determined using DPV in a 

potential range of −0.15 V to 0.55 V vs. Ag quasi-reference electrode. 
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2.2.2.8 Instrumentation and procedures for characterizing GLY-MIP NPs 

2.2.2.8.1 Dynamic light scattering (DLS) analysis 

The dynamic light scattering (DLS) measurements were performed to determine the size 

of the MIP NPs synthesized.  Experiments were carried out with Zetasizer Nano (Nano-

S) particle-size analyzer from Malvern Instrument Ltd.  Before each measurement, the 

MIP NPs stock ethanol solution was vortexed for 20 min, then ultrasonicated for 5 min 

and then analyzed at 25 ℃ by DLS using a disposable polystyrene cuvette.  The 

instrument automatically selected the duration of the measurement and the number of 

runs.  As a dimensionless measure of particles' size distribution, the Z-average 

hydrodynamic diameter of nanoparticles and the polydispersity index (PdI) were 

calculated from the cumulants analysis.  The values were recorded as an average of at 

least three measurements. 

2.2.2.8.2 Scanning electron microscopy (SEM) imaging 

GLY-MIP NPs were imaged with SEM using a Nova NanoSEM 450 microscope of the 

FEI Nova. 

2.2.2.8.3 X-ray photoelectron spectroscopy (XPS) 

The elemental composition of MIP NPs' surfaces was determined using XPS.  The XPS 

spectra were recorded with monochromatic Al Kα (ℎ𝜈 = 1486.4 eV) radiation using a 

PHI 5000 Versa Probe-Scanning ESCA Microprobe instrument (ULVAC-PHI).  The 

background was subtracted using the Shirley method, and peaks were fitted with 

(Gaussian-Lorentzian)-shaped profiles.  The electron binding energy (BE) of the C 1s 

peak with BE = 284.6 eV was chosen as the internal BE reference.  The XPS spectra 

were analyzed with CASA XPS software. 

2.2.2.9 Instrumentation and procedures for electrochemical determining glyphosate 

with MIP NPs chemosensors 

SPPtEs' surfaces were cleaned and activated using a Zepto model plasma cleaner 

(100 W) from Diener Electronic. 

All electrochemical measurements were carried out using PalmSens4 potentiostat 

from PalmSens, controlled by PSTrace Version 5.7 software of the same manufacturer.  

Experiments were performed using Drop-Sense SPPtEs (C550) with dimensions of 33  

10  0.5 mm (length  width  height).  The SPPtE consisted of a 4-mm diameter 
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platinum working electrode, platinum film auxiliary electrode, and silver film quasi-

reference electrode. 

In the DPV measurements, the potential was scanned from −0.25 to 0.80 V vs. Ag 

quasi-reference electrode, with a potential step of 5 mV and a pulse duration of 100 ms.  

The amplitude of 7-ms width pulses applied was 25 mV. 

The EIS experiments used an alternating current (ac) excitation signal in the 

frequency range of 10 MHz to 100 mHz and 10-mV sinusoidal amplitude at 0.1 V vs. 

Ag quasi-reference electrode. 

2.3 Experimental techniques 

This subchapter describes the principles of experimental techniques for devising and 

testing selective chemosensors for chosen toxins. 

2.3.1 Cyclic voltammetry (CV)Cyclic voltammetry (CV) is one of the main 

electroanalytical techniques commonly used to study the electrooxidation and 

electroreduction of organic and inorganic compounds, their adsorption on electrodes, 

and the mechanism and kinetics of electrochemical reactions.  Moreover, it is employed 

to analyze (electron transfer)-initiated chemical reactions.  CV is often the first-choice 

technique applied to investigate a new system, beneficial for evaluating mechanisms of 

reactions.  The current is measured as a function of the potential applied to the working 

electrode against the reference electrode.  This potential is linearly changed with time 

from the initial potential, 𝐸i, through the vertex potential, 𝐸v, to the final potential, 

equal to the initial potential (Scheme 2.3-1). 

Considering the model system of the electroreduction of oxidized species (Ox) to 

its reduced form (Red), where both are soluble, and only Ox is initially present in the 

solution (Equation 2.3-1), the equilibrium between these two species is described by the 

Nernst equation (Equation 2.3.2) if this redox system is reversible.  It relates the 

potential of the working electrode, 𝐸, to the formal potential of the redox reaction, 𝐸f
0, 

and the concentrations of the Ox, 𝑐ox, and Red, 𝑐red, in the system at equilibrium. 

 
Ox + e−  Red    (Equation 2.3-1) 

 

𝐸 = 𝐸f
0 + 𝑅𝑇

𝐹
ln

𝑐ox

𝑐red
= 𝐸f

0 + 2.3026 
𝑅𝑇

𝐹
log

𝑐ox

𝑐red
  (Equation 2.3-2) 
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where 𝑅 is the ideal gas constant, 𝑇 is the absolute temperature, and 𝐹 stands for the 

Faraday constant.  The Nernst equation predicts the system's response to redox species' 

concentration change in solution or the electrode potential applied. 

 

 

Scheme 2.3-1.  The potential change with time in cyclic voltammetry.  In this case, the 
initial potential, 𝐸i, is set at 0.5 V, the vertex potential, 𝐸v, is −0.5 V, and the scan rate, 
𝜈, is 0.1 V s−1.362 
 

For the one-electron diffusion-controlled system, e.g., ferrocenium (Fc+) and 

ferrocene (Fc), a typical cyclic voltammogram recorded at an inert planar electrode and 

the concentration-distance profiles for Fc+ and Fc for selected points at the 

voltammogram, are presented in Scheme 2.3-2. 

Importantly, the concentrations of ferrocenium vs. ferrocene in relation to the distance 

from the electrode surface depend on the applied potential changes with time and 

species transport (diffusion) between the electrode surface and the bulk solution.  Thus, 

the shape of the voltammogram originates from the evolution of these concentration 

profiles resulting from the potential sweep and a planar diffusion.  According to Fick's 

first law of diffusion, the current is proportional to the species' concentration gradient at 

the electrode surface.  Scanning the system toward negative potentials from point A to 

D causes consumption of Fc+ at the electrode, resulting in its reduction to Fc.  That 
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generates a reduction current in the voltammogram (Scheme 2.3-2h).  At point C, where 

the cathodic peak current (𝐼pc) appears, the rate of diffusional delivery of additional Fc+ 

from the bulk solution governs the current.  Upon scanning in the negative direction 

from point C to D, the rate of diffusion of Fc+ from the bulk solution to the electrode 

surface becomes slower, leading to the current decrease.  When point D of potential 

switching is reached, the scan direction is opposite, and the potential is scanned 

positively.  While the concentration of Fc+ at the electrode surface was depleted, the 

concentration of Fc at the electrode surface increased, satisfying the Nernst equation.  

Scanning the potential positively from point D to G leads to the regeneration of the Fc+ 

by oxidation of Fc, and then the oxidation current at the voltammogram is recorded.  At 

points B and E, the concentrations of Fc+ and Fc at the electrode surface are equal.  

Following the Nernst equation, at these points 𝐸 = 𝐸f
0, which means that the potential, 

𝐸, equals the average potential of the cathodic and anodic peaks. 

 

 

Scheme 2.3-2.  (a−g) Concentration profiles for (blue curves) ferrocenium and (green 
curves) ferrocene as a function of the distance from the electrode surface to the bulk 
solution, 𝑑, for selected points at the voltammogram.  (h) Cyclic voltammogram 
recorded for the reversible Fc+/Fc electrode reaction.  (i) Applied potential as a function 
of time for typical CV measurement with the initial, vertex, and end potentials defined 
as A, D, and G, respectively.362 

 

One of the voltammogram's main features is the peak height.  For a reversible 

redox couple, the peak current is described by the Randles-Ševčik equation 

(Equation 2.3-3).363 

 

http://rcin.org.pl



77 
 

𝐼p = 0.4463𝑛𝐹𝐴𝑐 (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1/2

  (Equation 2.3-3) 
 

This equation linearly relates the peak current, 𝐼p , to the square root of the scan rate, 𝑣.  

In this equation, 𝑛 is the number of electrons transferred in the redox event, 𝐴 stands for 

the electrode surface area, usually treated as the projected surface area, 𝐷, and 𝑐 is the 

diffusion coefficient and the bulk concentration of the electroactive species. 

The system is considered reversible if it meets the following criteria: 

 
𝐼p ∝  𝑣1/2    (Equation 2.3-4) 

 
∆𝐸p =  𝐸pa − 𝐸pc =

59

𝑛
 mV at 𝑇 = 298 K   (Equation 2.3-5) 

 
|𝐸p − 𝐸p/2| =

59

𝑛
 mV at 𝑇 = 298 K   (Equation 2.3-6) 

 

|
𝐼pa

𝐼pc
| = 1 for 𝐷Ox = 𝐷Red   (Equation 2.3-7) 

 

where 𝐸pa and 𝐸pc represent the potential of the anodic and cathodic peak, respectively, 

∆𝐸p stands for the difference between the anodic and cathodic peak potentials, 𝐸p is the 

peak potential, 𝐸p/2 represents the potential where the current is at a half-peak height, 

𝐼pa and 𝐼pc denote the current of the anodic and cathodic peak, and DO and DR signifies 

the diffusion coefficient of the oxidized and reduced redox species, respectively.  

Moreover, the peak potential should be independent of the scan rate. 

For a quasi-reversible system, the diffusion rate is comparable to the electron 

transfer rate, and the peaks' separation is higher than for the reversible system (curve b 

in Scheme 2.3-3).  For an irreversible system, i.e., controlled by the electron transfer 

rate, the peak separation is even higher than for a quasi-reversible process (curves c–d 

in Scheme 2.3-3), or the peak in the backward scan disappears for a very low rate of 

electron transfer.  Moreover, 𝐸p shifts to higher overpotentials as the scan rate 

increases. 

For an irreversible electrode reaction, the peak current at a planar electrode at 

298 K is described by Equation 2.3-8.363 

 
𝐼p = 2.99 × 105𝛼1/2𝑛3/2𝐴𝐷1/2𝑐𝑣1/2     (Equation 2.3-8) 
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where 𝛼 is the charge transfer coefficient; its value can be determined from the slope of 

the linear dependence of the 𝐼p on 𝑣1/2.   

The charge transfer coefficient can also be determined from Equation 2.3-9. 

 
𝛼 =

47.7

|𝐸p−𝐸p/2|
 mV at 𝑇 = 298 K  (Equation 2.3-9) 

 

 

Scheme 2.3-3.  Cyclic voltammograms under the electrode reaction rate control.  
(a) Voltammogram for the diffusion rate of the electroactive species to the electrode 
surface lower than the electron transfer rate.  (b–d) Voltammograms for the diffusion 
rate increasingly larger than the electron transfer rate.  𝑘s is the standard electron 
transfer rate constant, and 𝜈 is the potential scan rate.363 
 

Furthermore, an electroactive reactant and/or a product can adsorb on the electrode 

surface.  A voltammogram typical for a reversible redox process with oxidized and 

reduced species adsorbed on the electrode surface is depicted in Scheme 2.3-4.  Its 

shape is characteristic of an ideal Nernstian electron transfer with the Langmuir 

isotherm describing the adsorption.  Since all the adsorbed species are being 

reduced/oxidized, two symmetrical peaks with equal charges for oxidation and 

reduction are produced in the voltammogram. 

Then, the peak current is defined by Equation 2.3-10: 

 
𝐼p =

𝑛2𝐹2

4𝑅𝑇
𝜈𝐴𝛤o

∗   (Equation 2.3-10) 
 

where 𝛤o
∗ represents maximum electrode coverage with the oxidized species. 
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Scheme 2.3-4.  The cyclic voltammogram for the reversible electrode process with 
oxidized and reduced species adsorbed on the electrode surface.363 
 

CV is often used to study electron transfer-related chemical reactions.  It is less 

useful for analytical purposes because the undesired capacity current interferes with the 

faradaic current proportional to the redox analyte concentration. 

2.3.2 Differential pulse voltammetry (DPV) 

Pulsed techniques, including DPV, were developed to improve the determination 

sensitivity.  In these techniques, the capacity current is largely eliminated, thus 

improving the signal-to-noise ratio, hence, sensitivity. 

In the DPV technique, currents are measured just before applying the pulse, 𝐼(1), 

and just before the end of the pulse, 𝐼(2).  Near the end of the pulse, the capacity 

current originating from the charging of the electric double layer is negligible.  Pulses of 

constant height, usually of the 10 to 100 mV amplitude, are superimposed on the base 

potential, which increases in a linear or staircase manner (Scheme 2.3-5a).  The pulse 

width is at least ten times shorter than the period of the staircase waveform.  The pulse 

duration is generally chosen from the 5 to 100 ms range.364  The measured current 

difference is plotted against the staircase potential applied, resulting in a peak-shaped 

voltammogram (Scheme 2.3-5b).  Importantly, the potential of the DPV peak for a 

reversible system is described by Equation 2.3-11.365 

 
𝐸p = 𝐸1/2 −

∆𝐸

2
   (Equation 2.3-11) 

 

where 𝐸p is the peak potential, 𝐸1/2 is the half-wave potential, and ∆𝐸 stands for the 

pulse amplitude. 
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The 𝐸p differs from the 𝐸1/2 for fast kinetics since the current is plotted as a 

function of the base potential, not as a function of the potential halfway up the pulse. 

 

 

 

Scheme 2.3-5.  (a) Potential-time waveform resulting from superimposing pulses on a 
staircase waveform and (b) schematic differential pulse voltammogram originating from 
the plot of the difference between two sampled currents and staircase potential.  Δ𝐸s is 
the potential step height, 𝜏 is the staircase period, 𝜏′ stands for the step width, and 𝑊1/2 
is the peak width at its half height.365  
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The DPV peak current, 𝐼p, is defined by the following equation:365 

 
𝐼p = −

𝑛𝐹𝐴𝐷1/2𝑐

(𝜋𝑡m)1/2 (
1−𝜎

1+𝜎
)       (Equation 2.3-12) 

 

where 𝑡m is the sampling time after pulse application (pulse duration), whereas 𝜎 can be 

calculated as 

 
𝜎 = exp (

𝑛𝐹

𝑅𝑇

Δ𝐸

2
)   (Equation 2.3-13) 

 

The DPV peak is also characterized by its width at half height, 𝑊1/2:364 

 

𝑊1/2 =
3.52𝑅𝑇

𝑛𝐹
    (Equation 2.3-14) 

 

As can be seen from Equation 2.3-14, 𝑊1/2 depends on the number of electrons 

transferred in the electrode process.  At 298 K, 𝑊1/2 equals 90.4

𝑛
 mV.  Moreover, the 

DPV peak height decreases, and its width increases if the system becomes more 

irreversible as the difference between 𝐸1/2 for a reversible system and 𝐸p increases. 

2.3.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is one of the most complex 

electrochemical techniques used to study the nature of electrochemical processes.  This 

technique is frequently applied to examine electrochemical mechanisms regarding the 

corrosion of metals and alloys, as well as batteries and sensors characterization.  In 

contrast to most electrochemical techniques, the frequency-dependent ac potential is 

used in EIS, in which direct current (dc) constant potential is applied.  An alternating 

voltage of small amplitude, usually 10–20 mV, is applied to the working electrode to 

obtain a pseudo-linear relationship between current and potential.  This potential is 

defined by Equation 2.3-15: 

 

𝐸(𝑡) = 𝐸0 sin(𝜔𝑡)    (Equation 2.3-15) 
 

where 𝐸0 stands for the potential amplitude, 𝜔 = 2𝜋𝑓 is the angular frequency of the 

alternating voltage applied, and 𝑡 is the time. 
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In consequence, the current signal is generated.  Typically, it is shifted by the phase 

angle, 𝜑, against the potential, as shown by Equation 2.3-16. 

 
𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝜑)   (Equation 2.3-16) 

 

where 𝐼0 is the current amplitude.  The sinusoidal potential and current dependence on 

time at a 20 Hz frequency, 𝑓, is presented in Scheme 2.3-6a.  The result of plotting the 

output signal as a function of the input signal at a given frequency graph is called a 

Lissajous plot (Scheme 2.3-6b). 

 
Scheme 2.3-6.  (a) Sinusoidal potential (blue curve) and current density (red curve) 
change with time at a frequency, 𝑓, of 20 Hz, and (b) Lissajous plot constructed from 
these results.366 

 

Repeating the measurement for a given frequency range enables the construction of 

the electrochemical impedance spectrum.  The equation for impedance, 𝑍, is analogous 

to Ohm's law, which is applied to dc measurements.  Thus, the impedance of the system 

is defined as: 

 
𝑍 =

𝐸(𝑡)

𝐼(𝑡)
=

𝐸0sin(𝜔𝑡)

𝐼0sin(𝜔𝑡+𝜑)
= |𝑍|

sin(𝜔𝑡)

sin(𝜔𝑡+𝜑)
  (Equation 2.3-17) 

 

where |𝑍| stands for the magnitude of impedance. 

The impedance can also be represented as a complex function.  Then, the potential 

is defined as: 

 
𝐸(𝑡) = 𝐸0exp(𝑗𝜔𝑡)    (Equation 2.3-18) 
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and the current is described as: 
 

𝐼(𝑡) = 𝐼0exp(𝑗𝜔𝑡 − 𝜑)   (Equation 2.3-19) 
 

where 𝑗 = √−1 is the imaginary unit. 

Therefore, the impedance is then expressed as: 

 
𝑍 =

𝐸(𝑡)

𝐼(𝑡)
=

𝐸0exp(𝑗𝜔𝑡)

𝐼0exp(𝑗𝜔𝑡−𝜑)
= |𝑍| exp(𝑗𝜑) = |𝑍|(cos𝜑 + 𝑗sin𝜑)     (Equation 2.3-20) 

 

Moreover, impedance can be expressed in the complex plane as:  

 
𝑍 = 𝑍real − 𝑗𝑍im    (Equation 2.3-21) 

 

where 𝑍real and 𝑍im are the real and imaginary components of 𝑍, respectively. 

The magnitude of impedance can be described as the vector sum of 𝑍real and 𝑍im: 

 

|𝑍| = √𝑍real
2 − 𝑗𝑍im

2     (Equation 2.3-22) 

 

Physically, 𝑍real is a frequency-dependent resistance defined as: 

 
𝑍real = |𝑍|𝑐os𝜑    (Equation 2.3-23) 

 

while 𝑍im is a frequency-dependent reactance defined as: 

 

𝑍im = |𝑍|sin𝜑    (Equation 2.3-24) 
 

 
The most commonly used graphical EIS data representations are Nyquist and Bode 

plots.  The Nyquist plot is constructed by plotting −𝑍im against 𝑍real.  A typical 

Nyquist plot is shown in Scheme 2.3-7a.  In the Bode plot, log|𝑍| and 𝜑 are plotted 

versus frequency, which can help analyze the capacitive or inductive effects of 

electrochemical systems.296  A typical Bode plot is depicted in Scheme 2.3-7b.  The 

phase angle, 𝜑, generally tends towards 0° at high frequency because of the ohmic 

electrolyte resistance, 𝑅s, (blue squares Scheme 2.3-7b).  The phase angle 𝜑 is then 

adjusted according to 𝑅s, asymptotically approaching −90° in a high-frequency range 

for the ideally polarizable electrode (red dots in Scheme 2.3-7b). 
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Scheme 2.3-7.  EIS data of an ideally polarizable electrode for a redox couple in 
solution represented by (a) the Nyquist plot, in which the imaginary impedance 
component, 𝑍j, is plotted against the real impedance component, 𝑍r, in a complex plane 
with frequency as a parameter and (b) the Bode plot where the phase angle, 𝜑, and 
modulus of impedance, |𝑍|, are plotted against frequency, 𝑓.366 
 

EIS measurements can be performed to analyze complex electrochemical systems.  

For that, equivalent electrical circuits involving passive electrical elements, including 

resistors, inductors, and capacitors, are constructed.  The essential electrical components 

of equivalent circuits and the equations describing their impedances are as follows: 

 
𝑍𝑅 = 𝑅    (Equation 2.3-25) 

 
𝑍𝐶 =

1

𝑗𝜔𝐶
= −

𝑗

𝜔𝐶
    (Equation 2.3-26) 

 
𝑍𝐿 = 𝑗𝜔𝐿    (Equation 2.3-27) 

 
where 𝑅, 𝐶, and 𝐿 are the resistance, capacitance, and inductance, respectively. 

Typical Nyquist plots for different equivalent circuits are shown in Scheme 2.3-8.  

Suppose a sinusoidal voltage is applied to a pure resistor of the 𝑅 resistance value.  In 

that case, impedance can be calculated according to Equation 2.3-25, and the phase 

angle is equal to 0 for all frequencies (Scheme 2.3-8a).  If a sinusoidal voltage is applied 

across a pure capacitor, the impedance depends on the frequency and is entirely 

imaginary (Scheme 2.3-8b).  This impedance is determined according to Equation 2.3-

26.  The total impedance for the resistor and capacitor in series can be calculated 

according to Equation 2.3-28, whereas the total impedance for the resistor and capacitor 

in parallel is described by Equation 2.3-29. 
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𝑍 = 𝑅 −
𝑗

𝜔𝐶
    (Equation 2.3-28) 

 

𝑍 = (
1

𝑅
−

𝜔𝐶

𝑗
)

−1

   (Equation 2.3-29) 
 

The Nyquist plots for the resistor and capacitor in series and parallel are shown in 

Scheme 2.3-8c and 2.3-8d, respectively. 

 

 
Scheme 2.3-8.  Nyquist plots for (a) resistance 𝑅, (b) capacitance 𝐶, (c) resistance and 
capacitance in series, and (d) resistance and capacitance in parallel.365 
 

A sketch of a simple conventional electrochemical cell where a working electrode 

is immersed in an electrolyte solution of a redox couple is shown in Scheme 2.3-9.  A 

positive potential is applied to the working electrode, which attracts anions to the 

electrode surface.  That leads to forming the electrochemical double-layer, i.e., a 

capacitor type at the electrode-solution interface.  Each component in the equivalent 

circuit describes corresponding activity in the electrochemical cell, such as resistance of 

electrolyte solution, 𝑅s, which should be included in modeling a circuit, electrochemical 

double-layer capacitance, 𝐶dl, and 𝑅ct. 
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Scheme 2.3-9.  A depiction of the electrochemical system described by the Randles-
Ershler electric equivalent circuit.  𝐶dl stands for the capacitance of the electrical double 
layer, 𝑅ct is the charge transfer resistance, and 𝑅s is the electrolyte solution 
resistance.367 

 

For analyzing electrochemical systems embracing the working electrode coated 

with a porous polymer film, a modified Randles-Ershler equivalent circuit is often 

applied (Scheme 2.3-10).  In this circuit, a constant phase element, 𝐶𝑃𝐸, is frequently 

used instead of the double-layer capacitance, 𝐶dl, because the polymer film does not 

behave like an ideal capacitor.  Thus, a real component of impedance does not equal 

zero.  The impedance of 𝐶𝑃𝐸, 𝑍𝐶𝑃𝐸, is defined by Equation 2.3-30. 

 
𝑍𝐶𝑃𝐸 =

1

(𝑗𝜔)𝜙𝑇′
    (Equation 2.3-30) 

 
where 𝜙 is an exponent with values of 0 ≤ 𝜙 ≤ 1.  If 𝜙 equals 1, the system behaves as 

an ideal capacitor, while for 𝜙 equal 0, the system behaves as an ideal resistor.  The 𝑇′ 

symbol represents the frequency-independent proportionality factor; its physical 

meaning is associated with the diffusion coefficient. 
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Scheme 2.3-10.  A modified Randles-Ershler equivalent circuit frequently applied to 
model an electrochemical system embracing the working electrode coated with a 
polymer film.  𝑅s is the solution resistance, 𝐶𝑃𝐸 stands for the constant phase element, 
𝑅ct is the charge transfer resistance, and 𝑊 is the Warburg impedance. 
 

Another parameter that is introduced to the modified Randles-Ershler equivalent 

circuit is 𝑅ct, relevant to electrode reactions.  It represents the resistance of the electron 

transfer between the redox species in the solution and the electrode.  The 𝑅ct is sensitive 

to any changes in the electrode surface causing blocking of the electrode, e.g., 

deposition of a less conductive polymer.  Moreover, the Warburg impedance, 𝑊, is 

considered in the equivalent electric circuit describing the (polymer film)-coated 

electrode.  The Warburg impedance characterizes the mass transport to the electrode 

related to the faradaic process modeling the semi-infinite diffusion of electroactive 

species.  The contribution of the Warburg impedance to the total impedance is defined 

by Equation 2.3-31. 

 
𝑍𝑊 =

𝐵tanh(𝑗𝑇𝜔)

(𝑗𝑇𝜔)𝜙     (Equation 2.3-31) 
 

where 𝐵 is a fitted parameter. 

A Nyquist plot of the impedance spectrum for this electrochemical system is 

presented in Scheme 2.3-11.  The semicircle in this plot originates from an electrode 

reaction controlled by the charge transfer rate, whereas a straight line with a unit slope 

is derived from the Warburg impedance.  It indicates a reaction with its rate controlled 

by the rate of diffusion in the low-frequency range. 

Suppose no faradaic process occurs in the system because of no redox species in 

the solution.  In that case, the imaginary impedance component is inversely proportional 

to the double-layer capacitance (Equation 2.3-32) 

 
𝑍im =

1

𝜔𝐴𝐶dl
    (Equation 2.3-32) 

 

where 𝐴 is the surface area of the electrode. 
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According to Equation 2.3-32, the 𝐶dl value is higher at low frequencies.  The 

phase angle, 𝜑, can be determined by applying Equation 2.3-33. 

 
𝜑 = tan−1 (

𝑍im

𝑍real
)   (Equation 2.3-33) 

 

According to Equation 2.3-33, a more negative value of 𝜑 means a more capacitive 

behavior of the electrical circuit. 

 

 
Scheme 2.3-11.  The Nyquist plot for an electrochemical system controlled by the 
charge transfer rate and the diffusion rate at high and low frequencies, respectively. 
 

The equivalent circuit for an electrode coated with a polymer film immersed in a 

supporting electrolyte solution is described by a solution resistance, 𝑅s, and 

electrochemical double-layer capacitance, 𝐶dl, in series (Scheme 2.3-12). 

 

 

Scheme 2.3-12.  The equivalent circuit used to model an electrochemical system based 
on a non-faradaic process for the working electrode coated with a polymer film and 
immersed in a solution of the supporting electrolyte.  𝑅s and 𝐶dl is the solution 
resistance and electrical double-layer capacitance, respectively. 
 

2.3.4 Piezoelectric microgravimetry (PM) at a quartz crystal microbalance 

(QCM) 

Piezoelectric microgravimetry (PM) is a technique that uses a QCM to measure small 

changes in the mass of solids deposited on the surface of a QCR.  The deposition of a 

thin film on the QCR surface and subsequent interaction of the analyte with this film 
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changes the resonant frequency of the QCR.  Then, these changes can be converted to 

changes in the mass deposited. 

The piezoelectric effect occurs if pressure is applied to a piezoelectric crystal, i.e., a 

crystal with no symmetry center.  That leads to the deformation in this crystal lattice.  

This deformation causes the separation of centers of opposite charges producing dipole 

moments of molecules, separating electric charges.  The converse piezoelectric effect, 

adopted in PM, arises from an alternating voltage applied to the electric contacts 

attached to opposite faces of a piezoelectric crystal.  Then, mechanical oscillations 

occur within the piezoelectric s crystal lattice oscillating at the resonance frequency 

proportional to the crystal's thickness.368  Moreover, the oscillation mode is determined 

by a crystal cut.  The AT-cut quartz crystals that vibrate in a thickness shear mode are 

the most frequently used in the PM technique.  They produce BAW, which propagates 

from the QCR surface to the solution bulk. 

If QCR is loaded with mass, its vibrational frequency will decrease.  This mass can 

be determined using the Sauerbrey relation (Equation 2.3-34).369-370 

 
Δ𝑓mass =  −

2𝑓0
2Δ𝑚

𝐴′(𝜇q𝜌q)1/2   (Equation 2.3-34) 

 

where 𝑓0 stands for the fundamental resonance frequency of the QCR, Δ𝑚 is the 

resonator's mass change, 𝐴′ is the resonator's acoustically active area, 𝜇q is the shear 

modulus of quartz (2.947 × 1011 g s−2 cm−1), and 𝜌q is the density of quartz 

(2.648 g cm−3). 

Notably, the Sauerbrey equation can be applied if the deposited film is rigid, i.e., it 

should not exhibit visco-elastic properties (Δ𝑓vis ≈ 0). 

For the QCR contacting a viscous medium, the difference in the frequency 

measured in air and a viscous medium is defined by Equation 2.3-35, which includes 

visco-elastic parameters of the medium, i.e., dynamic viscosity, 𝜂L, and density, 

𝜌L:371-372 

 

Δ𝑓vis = (−𝑓0
3/2

) (
𝜌L𝜂L

𝜋𝜌q𝜇q
)

1/2

   (Equation 2.3-35) 

 

Therefore, Equation 2.3-35 can be combined with the Sauerbrey equation to result 

in the total frequency change (Equation 2.3-36) containing contributions of the 
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frequency change due to viscous liquid loading and surface mass changes related to a 

rigid film. 

 

Δ𝑓total = Δ𝑓mass + Δ𝑓vis =  − [
2𝑓0

2

(𝜇q𝜌q)
1/2] [

Δ𝑚

𝐴′ + (
𝜌L𝜂L

4𝜋𝑓0
)

1/2

]       (Equation 2.3-36) 

 

If the 𝜌L𝜂L is constant, Equation 2.3-36 simplifies to the Sauerbrey equation, 

whereas, in the absence of mass changes, the frequency will be affected only by the 

density and viscosity of the medium.  Then, Equation 2.3-36 simplifies to Equation 2.3-

35.373  

Visco-elastic properties can also be determined using another variable, namely, the 

dynamic resistance, 𝑅: 

 
𝑅 =

𝐴′

𝑘2
(2𝜋𝑓0𝜂L𝜌L)1/2    (Equation 2.3-37) 

 

where 𝑘2 = 7.74 × 10−3 (A2 s2 cm−2) represents the electromechanical coupling factor of 

the resonator. 

Therefore, by substituting Equation 2.3-37 into Equation 2.3-35, a relation between 

Δ𝑓vis and 𝑅 can be determined (Equation 2.3-38): 

 
Δfvis = −

𝑘2𝑅𝑓0

𝜋𝐴′(2𝜇q𝜌q)
1/2   (Equation 2.3-38) 

2.3.5 Surface plasmon resonance (SPR) spectroscopy 

Surface plasmon resonance (SPR) is a phenomenon occurring at a metal (usually gold 

and silver) and dielectric interface if an incident light beam hits the surface at  

a particular angle.  A portion of the light energy at a certain angle of incidence can 

interact with the delocalized electrons in the metal film (called plasmons), thus 

decreasing the reflected light intensity.374  Surface plasmons are considered surface 

electromagnetic waves that move in a direction parallel to the metal-dielectric interface.  

The wave is located on the boundary of the external medium and the metal.  Therefore, 

it is sensitive to any change of this boundary originating from, e.g., molecules' 

adsorption on the metal surface.  Applying p-polarized light of a given wavelength on 

the dielectric medium prism coated with a thin metal film causes surface plasmons 
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excitation at a specific wavelength and angle.  The incident beam must match its 

momentum to that of the plasmon.375 

SPR as a charge-density oscillation occurs at the interface of two media with 

electric permittivity values of opposite signs, e.g., a metal and a dielectric.  This charge 

density wave is related to an electromagnetic wave, whose field vectors approach their 

maxima at the interface and decrease evanescently into both media.  These propagating 

surface plasmons (PSPs) are considered transverse magnetic polarized waves, meaning 

that the magnetic vector is perpendicular to the propagation direction of the surface 

plasmon wave and parallel to the interface's plane.  The propagation constant of the 

PSP, 𝛽, propagating at the interface between a metal and a semi-infinite dielectric, is 

represented by Equation 2.3-39. 

 

𝛽 = 𝑘′√
𝜀m𝑛s

2

𝜀m+𝑛s
2    (Equation 2.3-39) 

 

where 𝑘′ stands for the free-space wavenumber, 𝜀m is the electric permittivity of the 

metal, and 𝑛s denotes the refractive index of the dielectric. 

Because of the limitation of the penetration length of the PSP, the sensing is carried 

out directly in the area where the PSP is excited by an optical wave.  According to 

Equation 2.3-39, the PSP propagation constant is always higher than that of optical 

wave propagation in the dielectric.  Therefore, the PSP cannot be excited directly by an 

incident optical wave at a planar metal-dielectric interface.  Thus, the incident optical 

wave's momentum must be enhanced to match that of the surface plasma wave.  This 

momentum change is commonly achieved using attenuated total reflection (ATR) in 

prism couplers and optical waveguides, then diffraction at the surface of diffraction 

gratings. 

Optical excitation of surface plasmons by the ATR method was originally 

developed by Otto,376 as well as Kretschmann and Raether.377  The method of the latter 

authors is more versatile.377  Therefore, the Kretschmann configuration of the ATR 

method has become the most frequently used geometry in SPR-based sensors.  In this 

geometry, light passes through a high-refractive index prism and excites a PSP on the 

outer boundary of the metal layer deposited on the prism (Scheme 2.3-13a). 

The PSP excitation causes a decrease in the intensity of the reflected light.  The 

refractive index change of the dielectric medium in the evanescent wave of the PSP 

leads to a change in the PSP propagation constant, thus resulting in modification of the 
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condition of coupling the PSP and the light wave.  That causes a change in the optical 

wave characteristic, including coupling wavelength, coupling angle of incidence, 

intensity, and phase (Scheme 2.3-13b).  Target analyte molecules binding to probe 

molecules immobilized on the sensor surface leads to a refractive index change at the 

SPR chip surface, resulting in a change in the SPR angle (Scheme 2.3-13c and d).  If 

binding to the immobilized ligand occurs, the local effective refractive index changes, 

resulting in a change in the SPR angle.150 

 

 

Scheme 2.3-13.  Principle of operation of a surface plasmon resonance (SPR) biosensor.  
(a) Propagating surface plasmons (PSPs) excitation by a polychromatic light in the 
Kretschmann configuration of the attenuated total reflection (ATR) method, (b) 
spectrum of reflected light with a characteristic SPR dip for two different refractive 
index values at the gold layer, (c) binding of an analyte to biorecognition units 
immobilized on the SPR biosensor surface, and (d) refractive index changes due to 
analyte binding.378 
 

2.3.6 Ultraviolet-visible (UV-vis) spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy is an optical technique that utilizes a light 

source to illuminate samples with light across the UV to visible wavelength range (190 

to 1100 nm), exciting electrons.  Various processes may occur when this 

electromagnetic radiation interacts with matter, including reflection, absorption, 

scattering, fluorescence or phosphorescence (absorption and re-emission), and 
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photochemical reactions.  Usually, absorbance is measured if analyzing samples by UV-

vis spectrophotometry to determine their UV-vis spectrum.379 

A UV-vis spectrophotometer mainly comprises a light source, a sample holder, and 

a light dispersive device to separate light of the different wavelengths, i.e., a 

monochromator using a prism or diffraction grating, as well as a detection system 

(Scheme 2.3-14). 

 

 

Scheme 2.3-14.  The principle of operation of UV-vis spectroscopy.379 
 

This spectrophotometer measures the intensity of light passing through a sample 

solution in a cuvette and compares it to the intensity of the light before it passes through 

the sample (Scheme 2.3-15).  Light with the original intensity, 𝐼𝑛𝑡0, is partially 

absorbed by the sample at specific wavelengths.  The remaining light, i.e., the 

transmitted light with an intensity 𝐼𝑛𝑡, is recorded as a function of wavelength by a 

detector, providing a UV-vis spectrum of the sample. 

 

 

Scheme 2.3-15.  A sketch of absorption of the incident light of intensity 𝐼𝑛𝑡0 at specific 
wavelengths by a sample solution of the concentration 𝑐; the solution is in the cuvette of 
the length d.379 
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The ratio of the transmitted light intensity, 𝐼𝑛𝑡, to the incident light intensity, 𝐼𝑛𝑡0, 

is called transmittance, 𝑇𝑟𝑎𝑛𝑠.  It is described by Equation 2.3-40: 

 
T𝑟𝑎𝑛𝑠 =

𝐼𝑛𝑡

𝐼𝑛𝑡0
    (Equation 2.3-40) 

 

On the other hand, absorbance is defined as the negative logarithm of 𝑇𝑟𝑎𝑛𝑠: 

 
𝐴𝑏𝑠 = −log (𝑇𝑟𝑎𝑛𝑠)   (Equation 2.3-41) 

 

The light intensity is attenuated proportionally to the sample concentration, 𝑐, when 

light passes through a transparent cuvette filled with the sample solution.  Moreover, the 

attenuation is proportional to the cuvette length, 𝑑.  This dependence can be expressed 

by absorbance 𝐴𝑏𝑠 as a function of the concentration and the cuvette length 

(Equation 2.3-42). 

 
𝐴𝑏𝑠 = 𝑐 𝜀 𝑑    (Equation 2.3-42) 

 

Equation 2.3-42 is the Lambert-Beer law where c is the sample concentration  

in M or g mL−1, d stands for the path length of the cuvette (in cm), and 𝜀 is the molar 

absorptivity coefficient denoting a sample-specific constant that describes how much 

the sample is absorbing at a given wavelength (in M−1 cm−1 or mL cm−1 g−1).   

The Lambert-Beer law predicts a linear relationship between the sample concentration 

and the amount of light the sample absorbs as it passes through the sample. 

2.3.7 Polarization-modulation infrared reflection-absorption spectroscopy  

(PM-IRRAS) 

Infrared (IR) spectroscopy is a technique that studies the interaction of infrared 

radiation with matter.  Most molecules can absorb infrared radiation, and this absorption 

is measured as a function of the radiation wavelength.  This absorption is characteristic 

of the nature of the chemical bonds of a given compound.  The IR spectrum of a sample 

is obtained by passing a beam of IR light through the sample and recording the light 

intensity against the wavenumber.  IR spectroscopy is mainly applied to analyze and 

identify functional groups and interactions between them and estimate the structures of 

the compounds.  Infrared reflection-absorption spectroscopy (IRRAS) involves IR 

measurements with a p-polarized light parallel to the plane of incidence applied.  It is 
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used to characterize adsorbed matter, like thin films including monolayers, deposited on 

reflective substrates like metals.  IRRAS measures the change in the reflectance 

spectrum caused by this adsorption.  The sample is usually analyzed in reflection 

geometry under grazing incidence to enhance sensitivity.  The main drawback of 

IRRAS is the interference of strong IR absorption of water and carbon dioxide from an 

aqueous electrolyte solution and air, respectively, during in situ studies of solid-liquid 

interfaces.  IRRAS absorption peaks are usually small; therefore, they frequently require 

a long acquisition time. 

Additionally, not only sample absorption but also that of the reference must be 

measured.  For enhancing the IRRAS sensitivity, a procedure of the polarized radiation 

modulation between the orthogonal states was developed and utilized in a PM-IRRAS 

technique.380-381  In this technique, polarized IR radiation is modulated between the 

parallel (p-) and perpendicular (s-) states against the incident-reflection plane using a 

high-frequency photoelastic modulator (PEM).382  The PM-IRRAS takes advantage of 

different absorptions of p- and s-polarized light at large ranges of angles of incidence.  

Since s-polarized light does not generate an electric field of stationary vibration, the 

absorption is much smaller than that of p-polarized light.  The PM-IRRAS technique 

analyzes the high-frequency modulation between s- and p-polarization, allowing the 

simultaneous measurement of two signals: the difference spectrum between s- and p-

polarized light and the corresponding sum spectrum.  The s- and p- polarization signals 

sum is used as the reference.  Thus, a reference measurement is not needed.  Hence, 

employing the polarization-modulation technique to IRRAS eliminates interference 

caused by CO2 and water. 

2.3.8 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is one of the most frequently used surface-

sensitive techniques to determine, among others, a thin film's elemental composition.  

Its principle of operation is based on the photoelectric effect, discovered by Heinrich 

Hertz383 and later described by Albert Einstein in quantum mechanical terms.384  The 

physical phenomenon behind XPS is the emission of electrons from surfaces irradiated 

by soft X-rays (energy lower than ∼6 keV).  The sample surface is irradiated with 

photons of characteristic energy (usually MgKα radiation is used).  The interaction of 

photons with core electrons of the sample atoms leads to the formation of ionized atom 

states and photoelectrons emission.  Since the kinetic energy of emitted photoelectron is 
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related to the difference between the incident photon energy and the electron binding 

energy (𝐵𝐸), the resulting photoelectron spectrum indicates the binding energies of the 

different atomic electron levels.  In other words, X-ray energy is a sum of the BE, the 

kinetic energy (𝐾𝐸) of the emitted photoelectron, and the spectrometer work function 

(𝛷spec): 

 
ℎ𝜈 = 𝐵𝐸 + 𝐾𝐸 + 𝛷spec   (Equation 2.3-43) 

 

Binding energy can be calculated via transformation of Equation 2.3-43, as follows. 

 
𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝛷spec    (Equation 2.3-44) 

 

The photoelectron emission produces a core "hole," generating an excited ionized 

state.  An electron located in an upper shell fills the hole to release the excess energy of 

this ion in one of the two processes: X-ray fluorescence or an Auger electron emission 

(Scheme 2.3-16).  Released Auger electrons are often used in XPS for qualitative 

analysis. 

 

 

Scheme 2.3-16.  The principle of emission of a photoelectron and an Auger electron.385 
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An XPS instrument consists of a monoenergetic X-ray source, sample stage, 

extraction lenses, analyzer, and detector housed in an ultra-high vacuum (UHV) 

environment.  A sketch of an XPS system is depicted in Scheme 2.3-17. 

 

 

Scheme 2.3-17.  Schematic illustration of the XPS setup main components.386 
 

The UHV is applied to eliminate air molecules that may hamper the emitted 

electrons from getting to the analyzer because of their scattering on gas molecules.  

Moreover, since XPS is a surface-sensitive technique, the UHV is necessary to decrease 

contamination of the sample surface exposed to the chamber atmosphere. 

2.3.9 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a technique mainly used for high-resolution 

imaging of surfaces of materials.  It is a valuable tool for direct measuring 

intermolecular forces with atomic resolution, which helps characterize polymers, 

semiconductors, electronic materials, and biomaterials.  The concept of AFM is shown 

in Scheme 2.3-18.  
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Scheme 2.3-18.  The schematic depiction of the AFM setup and operation principle.387 
 

The instrumentation mainly comprises a cantilever with a sharp tip on its end, a 

piezoelectric scanner, scanning and feedback systems, a laser, a photoelectric detector, 

and a computer.  The sharp tip of the cantilever scans over the sample mounted on a 

piezoelectric scanner, and then the cantilever deflects in response to the force between 

the tip and the sample.  This deflection is measured using a laser beam reflecting off the 

cantilever's surface.  Any deflection leads to a change in the direction of the reflected 

beam, which is then registered and converted into an electric signal by the photoelectric 

detector.  The piezotube scanner controls the movements between the tip and the sample 

in the x, y, and z directions. 

The AFM operates in two general modes, the static mode (contact mode) and the 

dynamic mode (the non-contact mode and the tapping mode).  Each mode has a 

dominant interaction force between the tip and the sample, namely the repulsive forces 

in the contact mode and the attractive forces in the non-contact mode.  When the tip is 

brought into contact with the sample in the static mode, the repulsive force deflects the 

cantilever away from the sample.  Two main types of imaging in the static mode are the 

constant force mode and the constant height mode.  In the former, the feedback system 

maintains the cantilever deflection.  Thus, scanner displacement is related to sample 

topography.  The constant height mode, where the cantilever maintains a fixed height 

above the sample surface, is convenient for smooth sample imaging at high resolution.  
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The cantilever is mechanically vibrated in the dynamic mode, leading to tip oscillation 

at a small distance above the sample surface.  The attractive force bends the cantilever 

toward the sample. 

Moreover, both the repulsive and attractive modes can be exploited in the tapping 

mode at high frequencies.  In the tapping mode, the cantilever oscillates at its resonance 

frequency, and the tip taps the sample surface for a short time.  Since tip interaction 

with the sample damps this oscillation down, the tip position is adjusted to keep the 

amplitude of the oscillation constant.  The relation between the interatomic force and 

the distance is presented in Scheme 2.3-19. 

 

 

Scheme 2.3-19.  Typical curve of interatomic force vs. distance in AFM.  The regions 
of AFM modes are indicated: contact mode (or static mode) operating in the repulsive 
region and non-contact mode (dynamic mode) operating respectively in 
attractive/repulsive and attractive regions.388 
 

AFM can be used not only for imaging the surface topography of various materials 

but also for measuring the physical properties of these materials, including magnetic, 

mechanical, electrical, and electromechanical properties.389  Moreover, it enables 

determining the thickness of films coating conductive substrates.  The film deposited on 

the surface must gently be scratched using a soft spatula for that purpose.  Then, the 

edge of the scratch is imaged. 
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2.3.10 Scanning electron microscopy (SEM)  

Electron microscopy can be divided into two main classes: scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM).  Basic SEM and TEM 

imaging principles are shown in Scheme 2.3-20. 

 

 

Scheme 2.3-20.  Operation principles of scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) presenting (a) serial collection of data points 
in SEM and (b) parallel image acquisition in TEM.390 
 

In both a scanning electron microscope and a transmission electron microscope, the 

electron beam is generated from the electron source, then used to bombard the sample.  

Both SEM and TEM microscopes work under vacuum conditions to eliminate 

interactions between molecules present in the microscope column and the electron 

beam, as well as to protect the electron gun from noise and vibrations. 

After bombarding a sample with electron beams, the most important signals 

emitted are scattered primary electrons, secondary electrons, and X-rays (Scheme 2.3-

21a).  These signals are abundant and easy to collect.  They form the basis of most 

microstructural characterization studies by SEM.  The transmitted primary electron 

signal, used in TEM, will only be abundant if the sample is ultrathin. 

Two main inelastic scattering mechanisms are involved in generating X-rays.  

Bremstrahlung X-rays are generated by the slowing down of primary electrons as they 

pass through atoms and have a continuous range of energies up to the primary electron 

incident energy.  Characteristic X-rays are generated when primary electrons knock an 

electron out of an atom, and the subsequent transition of a second electron between 
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energy levels leads to an emission of an X-ray of specific energy, which is the 

difference in energy states (Scheme 2.3-21a).  These X-rays of specific energy are 

attributed to the specific elements in the sample by comparing their energy with 

elemental standards in energy dispersive X-ray (EDX) spectroscopy analysis 

(Scheme 2.3-21b). 

 

 

Scheme 2.3-21.  (a) A principle of emission of characteristic X-rays.  (b) An example of 
an energy dispersive X-ray (EDX) spectrum showing X-ray peaks at energies 
characteristic for a given element.390 

 

In EDX spectroscopy, X-ray spectra are acquired by bombarding the sample with 

the electron beam and counting the number of X-rays reaching the detector according to 

their energy.  EDX spectroscopy in SEM has found application in the nondestructive 

chemical analysis of materials. 

SEM microscopes are mainly applied to analyze material surfaces (similar to 

reflection light microscopes).  Moreover, SEM is one of the most commonly used 

techniques for the examination and chemical composition characterization of inorganic 

and heterogeneous organic materials on a nanometer to micrometer scale.  The area to 

be analyzed is bombarded by a focused beam of electrons that scans the sample surface 

(Scheme 2.3-20a).  The interaction between the electron beam and the atoms from the 

sample causes the emission of secondary and backscattered electrons, characteristic X-

rays, and other photons of various energies.  Detectors collect signals in the form of 

electrons and rays characteristic of the sample.  The detector signal is synchronized with 

the electron beam location on the sample.  The signal's intensity is adjusted to the 

corresponding image pixel.  The signals collected in series are combined to form the 

images.  The resulting images reveal information about the composition and topography 
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of the sample.  Signals originating from secondary and backscattered electrons differ 

mainly due to differences in surface topography.  Thus, they are mostly used in SEM 

imaging. 

Main SEM microscope components include an electron source, anode, condenser 

lens, scanning coils, objective lens, and a detector (Scheme 2.3-22). 

 

 

Scheme 2.3-22.  Schematic view of main components of a scanning electron 
microscope.390 
 

Electron beams are emitted from the electron source and accelerated down the 

microscope column by the anode, passing through lenses and apertures responsible for 

focusing the electrons into a narrow beam.  The electron beams either scan the sample's 

surface in a raster pattern or are static to analyze the sample at one position.  Electrons' 

energy usually ranges from 1 to 30 keV. 
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2.3.11 Dynamic light scattering (DLS) analysis 

The operation principle of dynamic light scattering (DLS) is based on the changes in 

scattered light intensity due to the Brownian motion of particles dispersed in solution.  

Macromolecules in a liquid move randomly in all directions, colliding with solvent 

molecules, thus transferring energy, which also induces the movement of particles.  

Since such an energy transfer is relatively constant, the impact on small particles is 

bigger, resulting in faster movements of small than big particles.  Therefore, it is 

possible to determine particles' hydrodynamic diameters by monitoring their speed, 

which is expressed by their diffusion coefficient, 𝐷. 

In a DLS instrument, a monochromatic light beam hits particles dispersed in 

solution, then scatters in all directions.  A spontaneous movement of these particles 

causes fluctuation in scattered light intensity because the distance between particles and 

the detector changes constantly.  Measurement of these intensity fluctuations against 

time leads to the determination of the diffusion coefficient, which depends on the size 

and shape of the particles.391 

The relation between the diffusion coefficient of the particles and the particle size 

is described by the Stokes-Einstein equation: 

 
𝑑(𝐻) =

𝑘𝑇

3𝜋𝜂L𝐷
    (Equation 2.3.45) 

 

where 𝑑(𝐻) stands for hydrodynamic particle diameter, 𝑘 is Boltzmann constant, 𝑇 is 

absolute temperature, 𝜂L is the dynamic viscosity of the dispersant (solvent), and 𝐷 

stands for the diffusion coefficient. 

The movement of particles depends on temperature and dispersant viscosity.  The 

Stokes-Einstein equation includes these two parameters.  Significantly, particles' 

movement should solely be based on Brownian motion.  Otherwise, processes like 

particle sedimentation may lead to false results. 
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Chapter 3 

3. Results and discussion 
The present chapter covers several complementary topics.  First, it describes the 

experiments performed to devise electrochemical sensors with MIP film recognition 

units that are selective to chosen food and dietary supplement contaminants, namely N-

nitroso-L-proline (Pro-NO) and p-synephrine (SYN).  Second, the chapter details the so-

called "gate effect" mechanism for the electrodes coated with conductive MIP films.  

Conclusions drawn from these analyses allowed the fabrication of a redox self-reporting 

MIP chemosensor with the covalently immobilized ferrocene redox probe for label-free 

electrochemical determination of SYN.  Moreover, the chapter describes experiments 

conducted for devising self-reporting chemosensors based on electroresponsive MIP 

nanoparticles (MIP NPs) for GLY sensing. 

3.1 MIP chemosensor for selective determining N-nitroso-L-

proline 

The first section of the present chapter focuses on devising, characterizing, and 

fabricating an MIP film chemosensor for selective electrochemical determination of 

Pro-NO, a food toxin that might cause chronic diseases, including severe hormonal 

dysfunctions and cancer.  Toward that, a thiophene-based polymer molecularly 

imprinted with Pro-NO was used as the chemosensor's recognition unit.  The pre-

polymerization complex of the DFT-optimized structure was potentiodynamically 

electropolymerized to form and subsequently deposit a (Pro-NO)-MIP film on the 

electrode surface.  After removing the Pro-NO template molecules from the imprinted 

cavities of the (Pro-NO)-MIP, the analytical performance of the (Pro-NO)-MIP film 

chemosensor was analyzed using electrochemical techniques, i.e., DPV and EIS, as well 

as PM using an EQCM.  Moreover, the MIP film chemosensor was successfully applied 

to determine Pro-NO in grilled pork neck samples, revealing its usefulness in Pro-NO 

determination in real samples (Scheme 3.1-1). 
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Scheme 3.1-1.  An illustration of the future application of (Pro-NO)-MIP film 
chemosensor. 
 

3.1.1 Quantum-chemical modeling of the pre-polymerization complexes  

Computational modeling allowed for predicting the formation of a stable pre-

polymerization complex of the Pro-NO template with selected functional monomers.  

The Pro-NO template (Scheme 3.1-2), classified as an N-nitrosamine, is a derivative of 

the L-proline amino acid bearing carboxyl and nitroso groups in its structure.  

Additionally, a non-toxic "dummy" template N-acetyl-L-proline, Ac-Pro 

(Scheme 3.1-2), with functional groups similar to those of Pro-NO, was analyzed.  

Based on the possible templates' binding sites, two different functional monomers, 

namely, p-bis(2,2'-bithien-5-yl)-methyl-o-catechol, FM 1, and p-bis(2,2'-bithien-5-

yl)methylphenol, FM 2 (Scheme 3.1-2), bearing functionalities capable of interacting 

with functional groups of the templates, were selected for computational modeling 

(Schemes 3.1-3 and 3.1-4). 
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Scheme 3.1-2.  Structural formulas of Pro-NO and Ac-Pro templates, FM 1 and FM 2 
functional monomers, and CM 1 cross-linking monomer. 
 

The pre-polymerization complexes structures were optimized using DFT 

calculations at the B3LYP/6-31G(d) level.  Then, the Ac-Pro template complexation 

with FM 1 was first molecularly modeled to select the "dummy" template appropriately.  

In the DFT-optimized structure of the pre-polymerization complex, two molecules of 

FM 1 bound the Ac-Pro molecule through hydrogen bonds (Schemes 3.1-3a 

and 3.1-3b).  The negative Gibbs free energy gain (Δ𝐺) corresponding to the template 

interacting with the imprinted cavity was equal to −296.3 kJ mol−1.  Then, the structure-

optimized complex was modified by introducing the target analyte Pro-NO molecule 

instead of the Ac-Pro molecule.  Moreover, bithienyl moieteies were "freezed" to 

simulate their immobilization in polymer matrix (Schemes 3.1-3c and 3.1-3d).   

The negative ΔG value of this complex formation was as high as −278 kJ mol−1. 
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Scheme 3.1-3.  The pre-polymerization complex of one molecule of the Ac-Pro "dummy" 
template with two FM 1 functional monomer molecules (a) structural formula and (b) 
DFT-optimized structure.  (c) The pre-polymerization complex of one molecule of the 
Pro-NO template with two FM 1 functional monomer molecules (c) structural formula 
and (d) DFT-optimized structure.  Calculations were performed for 298 K in a vacuum 
with the B3LYP functional and the 6-31G(d) basis set using Gaussian 09 software. 
 

 

N

N
O

O

OH

OH

S

S

S S

OH OH

S

S

S

S

OH

c

Pro-NO

FM 1

FM 1'

N

O

OH

OCH3

OH

S

S

S S

OH
OH

S

S

S

S

OH

a

Ac-Pro

FM 1

FM 1'

http://rcin.org.pl



108 
 

N

N
O

O

OH

OH

SSS

S

OH

S

S

S

S

a

Pro-NO

FM 2

FM 2'

 

 

Scheme 3.1-4.  (a) The structural formula and (b) the DFT-optimized structure of the 
pre-polymerization complex of one Pro-NO molecule with two FM 2 molecules.  
Calculations were performed for 298 K in a vacuum with the B3LYP functional and the 
6-31G(d) basis set using Gaussian 09 software. 
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Table 3.1-1.  Gibbs free energy change, Δ𝐺, of chosen functional monomers and 
templates. 

Functional 
monomer 

Template Gibbs free energy 
change of complex 
formation with a 

template  
(𝚫𝑮), kJ/mol 

Gibbs free energy 
of change of 

binding Pro-NO in 
the created cavity 

(𝚫𝑮), kJ/mol 

OH
OH

 

FM 1 

N-nitroso-L-
proline 

−278,2 

N-acetyl-L-proline −302,7 −296,3 

OH

 
FM 2 

 
N-nitroso-L-

proline 

 
−130,4 

 

3.1.2 Experimental confirming the stability and stoichiometry of the DFT-

optimized pre-polymerization complex of Pro-NO with FM 2 

Among all three tested MIP chemosensors based on pre-polymerization complexes 

mentioned above, the selectivity in DPV measurements was the highest if using the 

chemosensor with the (Pro-NO)-MIP film formed from the FM 2 functional monomer 

and the Pro-NO template in the presence of the CM 1 cross-linking monomer 

(Figure 3.1.9b).  Therefore, this polymer was selected for further investigations. 

The DFT-determined stoichiometry and stability of the pre-polymerization 

complex of Pro-NO with FM 2 were experimentally verified by UV-vis spectroscopy 

titration (Figure 3.1-1a).  The UV-vis absorbance spectra (Figure 3.1-1a) recorded for 

FM 2 were quenched with the Pro-NO solution of acetonitrile and toluene at the 1 : 4 

(v/v) ratio.  Thus, the FM 2 absorbance at λ = 320 nm dependence on the Pro-NO 

concentration ranging from 4.95 to 23.81 µM was plotted (Figure 3.1-1a, inset).   

The stoichiometry of the pre-polymerization complex was determined as 2 : 1.  

Moreover, the stability constant of the complex, 𝐾s, was calculated from the slope of the 
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linear (𝐴𝑏𝑠(FM)−𝐴𝑏𝑠(FM)0)

2 𝑐(Pro−NO)
2  vs. (𝐴𝑏𝑠(FM) − 𝐴𝑏𝑠(FM)0

) dependence using Equation 2.2-1 

(Figure 3.1-1b).  The obtained 𝐾s value as high as (3.14±0.71)×109 M proved the 

formation of a stable pre-polymerization complex of Pro-NO with FM 2. 
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Figure 3.1-1.  (a) The steady-state UV-vis spectra for the FM 2 quenched with the Pro-
NO titrant at the Pro-NO concentration of 4.95 to 23.81 µM.  The initial FM 2 
concentration was 31.25 µM.  Inset is the FM 2 absorbance dependence on the Pro-NO 
concentration at λ = 320 nm.  (b) The Scatchard plot for the Pro-NO concentration range 
of 4.95 to 14.56 µM. 
 

3.1.3 Preparing (Pro-NO)-templated MIP film  

For the synthesis of a (Pro-NO)-templated MIP film and this film's simultaneous 

deposition on a 1-mm diameter Pt disk electrode surface (Figure 3.1-2) or a QCR 

surface (Figure 3.1-3), the pre-polymerization complex solution of FM 2, Pro-NO, 

CM 1, and (TBA)ClO4 in acetonitrile was prepared as described in Section 2.2.1.6 

above.  Then, this solution was used for potentiodynamic electropolymerization in the 

potential range of 0 to 1.3 V vs. Ag quasi-reference electrode.  The anodic peak at 

~1.20 V vs. Ag quasi-reference electrode during polymer formation could be attributed 

to the electro-oxidation of bithiophene moieties of the FM 2 and CM 1 as thiophenes 

can electropolymerize in the positive potential range via the formation of a radical 

cation.307  Moreover, the peak current increase in each consecutive current-potential 

cycle demonstrated that the electrode was coated with a conductive MIP film.  The (Ac-

Pro)-templated MIP films were deposited on the electrodes' surfaces under conditions 

the same as the (Pro-NO)-MIP films (data not shown). 
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Figure 3.1-2.  The current-potential curves for simultaneous electropolymerization and 
(Pro-NO)-templated MIP film deposition on a 1-mm diameter Pt disk electrode from 
50 µM Pro-NO, 100 µM FM 2, and 500 µM CM 1 in 100 mM (TBA)ClO4 in 
acetonitrile solution.  The potential scan rate was 50 mV s−1. 
 

Moreover, the (Pro-NO)-MIP film was deposited on the gold electrode of the QCR 

under conditions the same as those described above for PM experiments.   

The resonance frequency and dynamic resistance changes were simultaneously recorded 

during potentiodynamic electropolymerization.  The decrease in the oscillation 

frequency (Figure 3.1-3b), i.e., the QCR mass increase at positive potentials, indicated 

successful polymer film deposition on the QCR.  These changes were comparable in 

each consecutive cycle, demonstrating that similar polymer mass was deposited in each 

polymerization cycle.  The frequency drop was accompanied by a slight increase in 

dynamic resistance ranging several dozen ohms (Figure 3.1-3c).  The latter indicated  

a slight change in viscosity and (or) polymer density.  Evidently, MIP film rigidity did 

not change significantly after electropolymerization.  Then, the mass of the deposited 

(Pro-NO)-MIP film was calculated (~3.19 µg) using the Sauerbrey equation (Equation 

2.3-34 in Section 2.3.4 above) derived for rigid thin films with viscoelasticity effects 

ignored.373, 392-394 

Furthermore, control NIP films were deposited on the surface of the Pt disk 

electrode and Au electrode of QCR in the same manner as MIP films but without the 

Pro-NO template in the pre-polymerization complex solutions. 
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For XPS, PM-IRRAS, and AFM measurements, (Pro-NO)-MIP and NIP films were 

prepared and deposited on Au-layered glass slides similarly to that for polymers 

deposited on the Pt disk and Au-QCR electrodes. 

 

Figure 3.1-3.  Simultaneously recorded five-cycle curves of (a) current, (b) resonant 
frequency change, and (c) dynamic resistance change vs. the potential for 
potentiodynamic electropolymerization, leading to deposition of the (Pro-NO)-MIP film 
on the gold electrode of QCR from a solution of 50 µM Pro-NO, 100 µM FM 2, 
500 µM CM 1, and 100 mM (TBA)ClO4 in acetonitrile. 
 

3.1.4 Template extracting from (Pro-NO)-MIP films 

The Pro-NO template was removed from the (Pro-NO)-MIP film deposited on the  

Pt disk electrode surface by extraction with a basic solution for subsequent determining 

the Pro-NO analyte.  For that, first, the DPV peak was recorded at the (Pro-NO)-MIP 

film-coated electrode immersed in the 0.1 M K4[Fe(CN)6] and 0.1 M K3[Fe(CN)6] 

redox probe in 0.1 M phosphate buffer, PB (pH = 7.0).  Then, the electrode coated with 
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the (Pro-NO)-MIP film was transferred to 0.1 M NaOH for a predetermined time and 

then again immersed in a solution of the redox probe.  The procedure was repeated until 

the DPV peak height remained constant (Figure 3.1-4).  Apparently, the Pro-NO 

template presence in molecular cavities of the MIP film hampered the redox probe 

diffusion to the surface of the electrode (curve 1 in Figure 3.1-4).  Nonetheless, template 

extraction from the MIP film resulted in the increase of faradaic current for the redox 

probe oxidation (curves 2 and 3 in Figure 3.1-4), suggesting enhanced diffusion of the 

[Fe(CN)6]4−/[Fe(CN)6]3− probe to the surface of the electrode.  The DPV peak of the 

probe did not change after 20 min of extraction with 0.1 M NaOH (curve 4 

in Figure 3.1-4).  Therefore, DPV measurements were used as indirect confirmation for 

Pro-NO removal from MIP film, and thus a 20 min time was selected for extraction 

before further measurements. 

The Ac-Pro "dummy" template was removed from the polymer film in the same 

manner as the Pro-NO template from (Pro-NO)-MIP film (data not shown). 
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Figure 3.1-4.  Differential pulse voltammograms recorded at the 1-mm diameter Pt disk 
electrode coated with the (Pro-NO)-MIP film in the presence of 0.1 M K3[Fe(CN)6] and 
0.1 M K4[Fe(CN)6] redox probe in 0.1 M PB (pH = 7.0) (curve 1) before and after 
(curve 2) 10, (curve 3) 20, and (curve 4) 30 min of Pro-NO template extraction with 
0.1 M NaOH. 
 

Moreover, XPS experiments (Figure 3.1-5) were performed for the (Pro-NO)-MIP 

film to confirm the complete removal of the template from the polymer.  Two N 1s 

peaks in the electron binding energy (𝐵𝐸) region of ca. 398 to 400 eV were present  
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in the XPS spectrum of the Au-layered glass slide coated with the (Pro-NO)-MIP film 

(Figure 3.1-5a).  They revealed successful Pro-NO imprinting because only the Pro-NO 

molecule contains the nitrogen atom in its structure.  The disappearance of these 

nitrogen peaks from the XPS spectrum for the MIP film-coated slide after 20-min 

extraction with 0.1 M NaOH confirmed that the Pro-NO template was entirely removed 

from the film (Figure 3.1-5b). 
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Figure 3.1-5.  The high-resolution XPS spectra of nitrogen 1s for the (Pro-NO)-MIP 
film deposited on the Au-layered glass slide (a) before and (b) after Pro-NO template 
extraction with 0.1 M NaOH for 20 min. 
 

3.1.5 AFM and PM-IRRAS characterizing the (Pro-NO)-MIP and NIP films 

The AFM imaging unraveled (Pro-NO)-MIP and NIP films' morphology (Figures 3.1-6a 

to 3.1-6c).  The surface of polymers deposited on the Au-layered glass slide was 

somewhat irregular, composed of many grains with diameters ranging from 20 to 

60 nm.  The AFM imaging demonstrated that the MIP film morphology only slightly 

changed after Pro-NO template extraction.  The thickness and roughness of the MIP 

film before Pro-NO template removal were estimated as 154 (±8) and 29.3 nm, 

respectively, whereas the thickness and roughness of the (Pro-NO)-extracted MIP film 

were 161 (±5) and 26.2 nm, respectively. 
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Figure 3.1-6.  The (1.0 × 1.0) μm2 AFM images of the (Pro-NO)-MIP film (a) before 
and (b) after Pro-NO template extraction with 0.1 M NaOH for 20 min, as well as 
(c) corresponding non-imprinted polymer (NIP) deposited on Au-layered glass slides. 
 

Advantageously, PM-IRRAS spectra recorded for (Pro-NO)-MIP and NIP films 

(Figures 3.1-7a to 3.1-7c) revealed the presence of a band at ~2900 cm−1 characteristic 

for C–H aromatic stretching vibrations, as well as bands at 1250–1100 and 780 cm−1 

typical for in-plane and out-of-plane C–H aromatic bending vibrations of the thiophene 

ring.395-396 
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Figure 3.1-7.  The PM-IRRAS spectra of the (Pro-NO)-MIP film (a) before and (b) 
after the Pro-NO template removal from the MIP film with 0.1 M NaOH for 20 min, as 
well as the PM-IRRAS spectrum of (c) the control NIP film. 
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The appearance of these bands in spectra confirmed the presence of the 

polythiophene chains of the polymers deposited on the Au-glass slides.  Moreover, an 

intensive band in the 1100–1050 cm−1 region characteristic for N–N stretching vibration 

of template's N-nitroso group397 was present in the spectrum for the MIP film imprinted 

with (Figure 3.1-7a).  Importantly, PM-IRRAS spectra for the (Pro-NO)-extracted MIP 

and NIP films showed that the relative intensity of this band markedly decreased 

(Figures 3.1-7b and 3.1-7c), signifying that Pro-NO was extracted from the film.  

Additionally, the intensity of the band at 1320 cm−1, typical for N=O stretching 

vibration of nitrosamines,395, 397 was weakened in PM-IRRAS spectra recorded for (Pro-

NO)-extracted MIP and NIP films, confirming the removal of the Pro-NO template 

from the (Pro-NO)-MIP film (Figures 3.1-7a and 3.1-7b). 

3.1.6 Analytical performance of the (Ac-Pro)-MIP and (Pro-NO)-MIP 

chemosensors  

3.1.6.1 Selectivity of different pre-polymerization complexes 

Different functional monomers and templates were examined during the initial research 

stage regarding MIP films' preparation.  The performance of MIP sensors based on  

Ac-Pro "dummy" template complexes with two different functional monomers, vis., 

FM 1 and FM 2, was analyzed by DPV.  Even though computational calculations' 

results were promising (Table 3.1-1), the MIP chemosensor prepared with the Ac-Pro 

template and FM 1 was not selective in DPV measurements (Figure 3.1-8a).  

Presumably, the FM 1 molecule bearing two binding sites might adjust its conformation 

inside the MIP cavity and effectively interact not only with the Ac-Pro analyte but also 

with compounds of similar structures.  Furthermore, the MIP chemosensor prepared 

with the Ac-Pro template and FM 2 proved more selective than the former chemosensor 

(Figure. 3.1-8b).  However, the geometric fit of the Pro-NO analyte molecule to the 

imprinted cavity, thus the highest selectivity, was the best for the MIP film prepared 

with FM 2 as the functional monomer, Pro-NO as the template, and 5,5',5''-

methanetriyltris(2,2'-bithiophene), CM 1, as the cross-linking monomer (Figure 3.1-9).  

Thus, this optimized MIP composition was chosen for further experiments. 
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Figure 3.1-8.  Calibration plots for (curves 1 and 1') Ac-Pro, (curves 2 and 2') 
creatinine, (curves 3 and 3') adrenalin, (curves 4 and 4') urea, (curve 5 and 5') glucose 
constructed for the Pt disk electrodes coated with MIP films prepared using either  
(a) FM 1 or (b) FM 2 as functional monomers and Ac-Pro as the template.   
The experiments were performed in the presence of the redox probe, 0.1 M K3[Fe(CN)6] 
and 0.1 M K4[Fe(CN)6], in 0.1 M PB (pH = 7.0). 
 

3.1.6.2 Differential pulse voltammetry (DPV) determining the Pro-NO with the (Pro-

NO)-MIP film chemosensor 

DPV measurements were performed to determine the Pro-NO analyte under stagnant-

solution conditions.  The DPV peaks (Figure 3.1-9a) were recorded at the Pt disk 

electrode coated with the template-extracted (Pro-NO)-MIP film after each addition  

of a Pro-NO solution sample to the test solution of 0.1 M K4[Fe(CN)]6 and 

0.1 M K3[Fe(CN)]6 in PB (pH = 7.0).  The DPV peak of the redox probe decreased with 

the Pro-NO concentration increase (Figure 3.1-9a).  Apparently, the interaction of Pro-

NO binding sites with molecular cavities in the MIP limited the diffusion of the redox 

probe through the MIP film, resulting in a drop in the faradaic current of the redox 

probe.  The "gate effect" was used for signal transduction to determine the analyte 

indirectly.398  In the DPV experiments, the (Pro-NO)-MIP chemosensor response to the 

analyte was linear in the concentration range of 9.1 to 43.9 µM (Figure 3.1-9b).   

It obeyed the linear regression equation of 𝐼DPV,0 −  𝐼DPV,s [μA] =

 3.0 (±0.2) [µA] + 0.094 (±0.008)  𝑐(Pro−NO) [µM] with the correlation coefficient, 

𝑅2 = 0.971, and LOD = 80.9 nM at a signal-to-noise ratio, 𝑆/𝑁 = 3.  Furthermore, the 

apparent IF was determined to confirm the formation of selective molecular cavities in 

the (Pro-NO)-MIP film.  Since the NIP chemosensor DPV response was completely 

insensitive to Pro-NO, the IF calculated as the ratio of the MIP chemosensor's 
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sensitivity to the NIP chemosensor's sensitivity exceeded 20.  This enormously high 

value implied the polymer matrix's homogenous distribution of recognition sites.  

Moreover, the (Pro-NO)-MIP chemosensor selectivity was examined.  The selectivity 

for interferences that can accompany Pro-NO in real samples or have similar structures 

to Pro-NO, namely, creatinine, adrenalin, urea, and glucose, were determined as 2.1, 

2.0, 6.6, and 13.2, respectively.  The DPV chemosensor's selectivity to urea and glucose 

was high because these compounds are structurally different from the analyte.  

However, selectivity to interferences with a size and arrangement of functional groups 

similar to Pro-NO, i.e., creatinine and adrenalin, were lower. 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

5

10

15

20

25

30

a

C
u
rr

e
n
t,

  

A

Potential, V vs. Ag quasi-reference electrode

1

6

5 10 15 20 25 30 35 40 45 50

0

2

4

6

8

 

 

I D
P

V
,0

 -
 I

D
P

V
,s

, 

A

Concentration, M

1'

2'

3'

4'

5'

6'

b

 

Figure 3.1-9.  (a) The DPV curves for the redox probe, 0.1 M K3[Fe(CN)6] and 
0.1 M K4[Fe(CN)6], in 0.1 M PB (pH = 7.0), recorded at the Pt disk electrode coated 
with the (Pro-NO)-MIP film (curve 1) after extraction of Pro-NO template with 
0.1 M NaOH for 20 min, and then in the presence of (curve 2) 9.09, (curve 3) 18.02, 
(curve 4) 26.79, (curve 5) 35.40, and (curve 6) 43.86 µM Pro-NO.  (b) Calibration plots 
for the (Pro-NO)-MIP film coated electrode for (curve 1') Pro-NO, (curve 2') creatinine, 
(curve 3') adrenalin, (curve 4') urea, (curve 5') glucose, and (curve 6') Pro-NO at the 
electrode coated with the control NIP film. 
 

3.1.6.3 Electrochemical impedance spectroscopy (EIS) determining the Pro-NO 

analyte with the (Pro-NO)-MIP chemosensor 

Moreover, EIS experiments were conducted to determine Pro-NO and analyze the 

chemosensor's response mechanism.  EIS spectra were recorded at the (Pro-NO)-

extracted MIP film-coated electrode under stagnant-solution conditions in the presence 

of the 0.1 M K4[Fe(CN)6]/K3[Fe(CN)6] redox probe in 0.1 M PB (pH = 7.0).  Nyquist 

plots constructed for the Pro-NO determination comprised well-pronounced semicircles 

with diameters representing the 𝑅ct of the redox probe faradaic process in the high-

frequency ranges and straight lines corresponding to the Warburg impedance in the low-
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frequency region of spectra (Figure 3.1-10a).  Notably, the slopes of these lines were 

independent of the Pro-NO concentration, suggesting that Pro-NO binding to the MIP 

film did not affect the redox probe diffusion through the polymer to the electrode 

surface.  The EIS data were interpreted using a modified Randles-Ershler equivalent 

circuit, 𝑅𝑠 + 𝐶𝑃𝐸/(𝑅𝑐𝑡 + 𝑊), where 𝑅𝑠, 𝐶𝑃𝐸, 𝑅ct, and 𝑊 are solution resistance, 

constant phase element, charge transfer resistance, and Warburg impedance, 

respectively.  The 𝑅ct of the MIP film linearly increased with the Pro-NO analyte 

concentration increase from 9.1 to 43.9 µM (Figure 3.1-10b).  This dependence was 

characterized by the linear regression equation of 

Δ𝑅ct [Ω] = 112 (±12) [Ω] + 8.6 (±0.4)𝑐(Pro−NO) [µM] with the correlation coefficient, 

𝑅2 = 0.991.  For Pro-NO, LOD was equal to 36.9 nM at 𝑆/𝑁 = 3.  The selectivity 

factors for urea, adrenalin, glucose, and creatinine were 2.3, 2.6, 2.3, and 3.2, 

respectively. 

 

Figure 3.1-10.  (a) The EIS spectra recorded in the presence of the redox probe, 
0.1 M K3[Fe(CN)6] and 0.1 M K4[Fe(CN)6], in 0.1 M PB (pH = 7.0), for the Pt disk 
electrode coated with (Pro-NO)-MIP film (curve 1) after extraction of Pro-NO template 
with 0.1 M NaOH for 20 min, and then in the presence of (curve 2) 9.09, (curve 3) 
18.02, (curve 4) 26.79, (curve 5) 35.40, and (curve 6) 43.86 µM Pro-NO.   
(b) Calibration plots for (Pro-NO)-MIP coated electrode for (curve 1') Pro-NO, 
(curve 2') creatinine, (curve 3') adrenalin, (curve 4') urea, and (curve 5') glucose. 
 

3.1.6.4 Piezoelectric microgravimetry (PM) determining Pro-NO under flow-

injection analysis (FIA) conditions 

Moreover, the (Pro-NO)-MIP chemosensor analytical performance was studied with 

PM under FIA conditions.  With time, resonance frequency changes were consecutively 

recorded at QCRs coated with (Pro-NO)-extracted MIP and NIP films.  Resonance 
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frequency decreased after each injection of the Pro-NO solution sample to the 

0.1 M PB, pH = 7.0, carrier solution (Figure 3.1-11a).  This decrease indicates analyte 

binding to MIP cavities and, thus, a polymer mass increase, according to the Sauerbrey 

equation (Equation 2.3-34 in Section 2.3.4).  After reaching the minimum at −5.5 Hz for 

the 2-mM Pro-NO injection, corresponding to polymer mass increase by 0.48 ng, the 

frequency returned to its baseline level, confirming Pro-NO elution from the MIP film 

by the carrier solution.  Resonant frequency changes were linearly dependent on the 

Pro-NO concentration in the range of 0.125 to 2.0 mM, satisfying the linear regression 

equation of Δ𝑓 [Hz] = −0.9(±0.1) [Hz] − 2.3(±0.1) 𝑐(Pro−NO) [mM] with the correlation 

coefficient, 𝑅2 = 0.989 and LOD = 10 µM at 𝑆/𝑁 = 3 (curve 1 in Figure 3.1-11b).  

Notably, the response of the NIP film deposited on the QCR was very low (curve 2 in 

Figure 3.1-11b).  Thereby, the IF, calculated as the ratio of calibration curves' slopes 

constructed for MIP and NIP films, exceeded 20, thus indicating the formation of MIP 

cavities with a high affinity to Pro-NO molecules. 
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Figure 3.1-11.  (a) The resonant frequency changes with time for consecutive FIA 
injections of 100 mL Pro-NO samples for (Pro-NO)-MIP film-coated Au-QCR.  
(b) Calibration curves for Pro-NO determined at the (curve 1) MIP and (curve 2) NIP 
films.  The flow rate of the 0.1 M PB (pH = 7.4) carrier solution was 35 μL min−1. 
 

3.1.7 Pro-NO determining in real samples of meat  

Finally, Pro-NO was determined in grilled pork neck samples to verify the usefulness of 

the devised (Pro-NO)-MIP film chemosensor in analyzing food of animal origin.  DPV 

peaks were recorded after adding Pro-NO solution to the real sample prepared 

according to the procedure described in Section 2.2.1.13 above.  The analyte 

concentration determined in meat samples was compared to those obtained in PB and 
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summarized in Table 3.1-2.  The calculated Pro-NO recovery ranged from  

77% to 118%, demonstrating that (Pro-NO)-MIP film chemosensor is a sufficient tool 

for Pro-NO determination in food samples. 

Table 3.1-2.  Pro-NO determination in grilled pork neck samples with the (Pro-NO)-
MIP film chemosensor. 

Sample 
No. 

Known Pro-NO 
concentration, µM 

DPV peak recorded at the 
electrode coated with (Pro-NO)-

MIP film, µA 

Determined Pro-NO 
concentration, µM 

Recovery, % 

1. 8.66 11.7  0.6  - - 

2. 17.21 12.8  0.6 20  7 118  39 

3. 25.27 13.2  0.7 25  7 98  27 

4. 33.80 13.6  0.7 29  7 87  21 

5. 42.37 13.9  0.7 33  7 77  17 

 

3.2 MIP-based electrochemical sensor for selective  

p-synephrine determining and detailed investigating the 

"gate effect" mechanism 

The present section of Chapter 3 covers our results of both calculations and experiments 

performed to devise an MIP film chemosensor for the potentially hazardous dietary 

supplement, p-synephrine (SYN), and a comprehensive investigation of the "gate effect" 

mechanism related to conductive MIP film-coated electrodes.  Electrochemical 

determination of electroinactive analytes generally requires using an external redox 

probe that generates an electrochemical signal.  Presumably, an MIP film may swell or 

shrink as a result of analyte binding, thus leading to changes in the permittivity of  

a redox probe through the film and, consequently, changes in the redox probe faradaic 

current in CV and DPV measurements.267-269, 399  This phenomenon, the so-called "gate 

effect," responsible for enhanced or, more frequently, hindered diffusion of the redox 

probe, accounts for the operation of all chemosensors based on MIP films.  

Furthermore, the adsorption of large nonconductive molecules on the electrode surface, 
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leading to physical electrode blocking, may be responsible for another possible 

mechanism for the hindered diffusion of redox probes through a polymer.280-282  

Nevertheless, the above mechanisms do not include all conceivable phenomena that 

might explain electrochemical signal change due to MIP binding of the analyte.  

Therefore, to study the "gate effect," a functionalized polythiophene imprinted with 

SYN was used as a model MIP film.  For analyzing possible mechanisms responsible 

for current changes recorded at the SYN-MIP film-coated electrode corresponding to 

SYN analyte binding, several techniques, including CV, DPV, EIS, SPR, and UV-vis 

spectroscopy, were engaged. 

Moreover, in situ AFM imaging determined the MIP film thickness in both the 

absence and presence of the SYN.  Furthermore, the decrease in the signal for the redox 

probe, recorded at the semiconductive SYN-MIP film-coated electrode, with the 

increase in the SYN analyte concentration did not originate from swelling or shrinking 

of the polymer but from the decrease in the polymer's conductivity.  Presumably, this 

effect resulted from the decrease in the mobility of SYN-MIP film's radical cations 

(polarons). 

3.2.1 Quantum-chemical modeling of the structure of the pre-polymerization 

complex of SYN with chosen functional monomers 

The structure of a stable pre-polymerization complex of the SYN template with selected 

functional monomers was predicted via computational modeling.  To this end, 2,2'-

bithiophene-5-carboxylic acid (FM 3) was chosen as the functional monomer capable of 

interacting with the SYN binding sites.  FM 3 bears a carboxyl group that can be 

dissociated in an aprotic polar solvent solution, e.g., acetonitrile, and the resulting 

carboxylate group may form hydrogen bonds with SYN hydroxyl groups.  Moreover, 

FM 3's carboxylate group and SYN's positively charged amine group may interact 

electrostatically.  Therefore, structures of pre-polymerization complexes of the SYN 

template with the FM 3 functional monomer at different molar ratios and interacting 

compounds' arrangements were computationally modeled (Scheme 3.2-1) to validate the 

above assumptions.  The calculated negative ΔG value was the highest in forming the 

pre-polymerization complex at the SYN : FM 3 molar ratio of 1 : 3 (−227.4 kJ mol−1), 

indicating that the complex is sufficiently stable to survive electropolymerization and 

subsequent SYN template extraction.  The structural formula and the DFT-optimized 
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structure of the pre-polymerization complex selected for further studies are shown in 

Scheme 3.2-2. 

 

Scheme 3.2-1.  The DFT-optimized structures of pre-polymerization complexes of the 
SYN template with the FM 3 functional monomer at (a–c) 1 : 1 and (d–f) 1 : 2 molar 
ratios with different spatial configurations of the molecules, as well as their 
corresponding Gibbs free energy changes.  DFT calculations were performed for room 
temperature in acetonitrile using the B3LYP/6-31g(d) basis set of Gaussian 09 software. 
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Scheme 3.2-2.  (a) Structural formulas of the SYN template, FM 3 functional monomer, 
and CM 3 cross-linking monomer.  (b) The structural formula, and (c) the DFT-
optimized structure of the pre-polymerization complex of one SYN molecule with three 
FM 3 molecules.  DFT calculations were performed for room temperature in acetonitrile 
at the B3LYP/6-31g(d) level using Gaussian 09 software. 
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3.2.2 SYN-MIP film preparation and subsequent SYN template removal from the 

SYN-MIP film 

At an early research stage, before preparing the SYN-MIP film, the target SYN analyte 

electroinactivity was demonstrated with CV experiments (Figure 3.2-1).  Otherwise, if 

the analyte was electroactive in a potential range similar to that of the functional 

monomer's electro-oxidation, there would be a high possibility that the product of the 

electrochemical reaction was imprinted instead of the analyte itself during the 

electropolymerization.400-402  Moreover, such products might adsorb on the electrode 

surface, contaminating it.  Thus, imprinting of electroactive analytes without any 

pretreatment is undesirable. 

However, no peaks were observed on the CV curve recorded at the bare electrode 

immersed in an SYN solution of 0.1 M (TBA)ClO4 in acetonitrile (Figure 3.2-1), 

indicating that SYN was not electro-oxidized or electroreduced in the potential range 

of 0 to 1.3 V vs. Ag quasi-reference electrode. 
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Figure 3.2-1.  Cyclic voltammogram for 10 μM SYN in 0.1 M (TBA)ClO4 in 
acetonitrile recorded at a 1-mm diameter Pt disk electrode at a 50-mV s−1 scan rate. 
 

For the simultaneous preparation of SYN-templated MIP film and its deposition  

on the 1-mm diameter Pt disk electrode (Figure 3.2-2), a pre-polymerization complex  

of the SYN template with the FM 3 functional monomer was electropolymerized under 

potentiodynamic conditions in the presence of the CM 2 cross-linking monomer  

in (TBA)ClO4 in acetonitrile, as described in Section 2.2.1.7 above.  The anodic peak  
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at 1.20 V vs. Ag quasi-electrode in the first cycle in the curve in Figure 3.2-2 

corresponds to electro-oxidation of the 2,2′- and 2,3′-bithiophene moieties of the FM 3 

and CM 2, resulting in the formation of radical cations.307  Afterward, the current 

increased in the potential range of 1.0 to 1.10 V vs. Ag quasi-reference  

in consecutive current-potential curves, manifesting the readily electro-oxidizable 

oligothiophene and (or) polythiophene chains formation.  Moreover, the current 

increase in subsequent cycles during the SYN-MIP film deposition on the electrode 

surface demonstrated that the deposited polymer was conductive. 
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Figure 3.2-2.  Five-cycle current vs. potential curves for SYN-templated MIP film 
deposition on a 1-mm diameter Pt disk electrode by potentiodynamic 
electropolymerization at 50 mV s−1 from the acetonitrile solution of 10 μM SYN 
template, 30 μM FM 3, 300 μM CM 2, and 100 mM (TBA)ClO4. 
 

Further, the Pt disk electrode and the Au-layered glass slide were coated with 

corresponding NIP films under conditions the same as for MIP films but in the SYN 

absence in the pre-polymerization complex solutions. 

Subsequently, the SYN template was extracted from the SYN-MIP film to vacate 

its imprinted cavities.  For that, the (SYN-MIP film)-coated electrode was immersed in 

0.1 M NaOH for 80 min.  DPV measurements of 0.1 M K4[Fe(CN)6] and 0.1 M 

K3[Fe(CN)6] redox probe in PBS (pH = 7.4) monitored the extraction progress using the 

"gate effect" described in Section 3.1-4 above.  The probe DPV peak remained the same 

after 60-min SYN extraction, indicating successful SYN removal from the MIP film 

(Figure 3.2-3). 
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Figure 3.2-3.  DPV curves recorded for the SYN-MIP film-coated Pt disk electrode 
(curve 1) before and after SYN template extraction with 0.1 M NaOH for (curve 2) 20, 
(curve 3) 40, (curve 4) 60, and (curve 5) 80 min.  Measurements were carried out in the 
presence of the 0.1 M K4[Fe(CN)6] and 0.1 M K3[Fe(CN)6] redox probe in 0.1 M PBS 
(pH = 7.4). 
 

For SPR measurements, SYN-MIP and NIP films were potentiodynamically 

deposited on Au-glass disks (Figures 3.2-4a and 3.2-4c).  The acetonitrile solution for 

SYN-MIP preparation comprised a 5 μM SYN template, 15 μM FM 3, 150 μM CM 2, 

and 0.1 M (TBA)ClO4.  The NIP film was prepared under conditions like the MIP film 

but without the SYN template in the solution for electropolymerization.  The current-

potential curves recorded in the potential range of 0 to 1.30 V vs. AgǀAgCl 

corresponded to those for SYN-MIP deposition on the Pt disk electrode.  The anodic 

peaks of electropolymerization appearing at ~1.20 V vs. Ag quasi-reference electrode 

indicated the electro-oxidation of the bithiophene moieties of the FM 3 and CM 2.  

However, the current decreased in subsequent cycles, substantiating the formation of 

comparatively resistive MIP and NIP films.  Moreover, the polymer films' average 

thickness was estimated based on the SPR angle changes recorded during the deposition 

of SYN-MIP and NIP films (Figures 3.2-4b and 3.2-4d).  The SYN-templated MIP film 

and NIP film thicknesses were determined as 17.6 and 27.1 nm, respectively. 

Furthermore, the SYN template was removed from the SYN-MIP film by 

immersing the SYN-MIP film-coated SPR chip in 0.1 M NaOH for 60 min, as described 

above. 
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Figure 3.2-4.  Five-cycle potentiodynamic curves for deposition of (a) the SYN-MIP 
film and (c) the corresponding NIP film on Au-layered SPR chips at a scan rate of 50 
mV s−1 from the solution of 5 μM SYN template, 15 μM FM 3, 150 μM CM 2 and 
0.1 M (TBA)ClO4 in acetonitrile.  (b) SYN-MIP and (d) NIP films' changes of (curves 1 
and 1’) SPR angle and (curves 2 and 2’) estimated films' thickness with time during 
(b) SYN-MIP film and (d) NIP film potentiodynamic electrodeposition on the Au-glass 
disks. 
 

For XPS, PM-IRRAS, and AFM measurements, Au-layered glass slides were 

coated with SYN-MIP and NIP films in the manner mentioned above for polymer films 

deposition on the disk and Au-QCR electrodes. 

3.2.3 Characterizing SYN-MIP film and control NIP film 

The MIP film imprinted with the SYN template before and after template extraction and 

the corresponding NIP film were examined by PM-IRRAS (Figure 3.2-5) and XPS  

(Table 3.2-1) to verify the films' chemical compositions.  Moreover, the morphology of 

the MIP and NIP films was examined with AFM imaging (Figures 3.2-6a to 3.2-6c). 

Advantageously, both PM-IRRAS and XPS experiments confirmed the deposition 

of MIP and NIP films on Au-layered glass slides.  PM-IRRAS spectra recorded for 

SYN-MIP and NIP films (Figures 3.2-5a, 3.2-5b, and 3.2-5d) showed a strong band  
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at ~1700 cm−1, corresponding to C=O stretching vibration403 originating from the 

carboxyl group of FM 3.  Importantly, this band is absent in the spectrum of SYN, drop-

cast on the glass slide (Figure 3.2-5c).  Moreover, bands in the region of ~2900 cm−1 

and 1550–1200 cm−1 characteristic of C–H aromatic stretching vibrations and in-plane 

ring vibrations of thiophenes, respectively,395-396 were present in PM-IRRAS spectra  

of MIP and NIP films (Figures 3.2-5a, 3.2-5b, and 3.2-5d).  The presence of these bands 

confirmed the formation of the pre-polymerization complex and subsequent deposition 

of polymers on electrodes.  Further, the MIP film spectrum after template removal 

(Figure 3.2-5b) was similar to that of the control NIP film (Figure 3.2-5d). 
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Figure 3.2-5.  The PM-IRRAS spectra of the SYN-MIP film (a) before and (b) after 
removal of the SYN template from the polymer with 0.1 M NaOH for 60 min as well as 
the PM-IRRAS spectra of (c) SYN drop-cast on the surface of Au-layered glass slide 
and (d) the control non-imprinted polymer (NIP). 

 

Moreover, XPS measurements showed that after 60 min of SYN extraction, the 

relative content of nitrogen and sulfur atoms in the SYN-MIP film respectively 

decreased and increased, thus confirming template removal from the polymer.  That was 

because SYN was the only nitrogen source in the MIP. 

Furthermore, SYN-templated MIP, SYN-extracted MIP, and NIP films were AFM 

imaged in the air to determine their morphology (Figures 3.2-6a to 3.2-6c).  All samples 

were composed of well-defined grains with diameters of ~55 nm.  Significantly, SYN 
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template extraction from the polymer did not influence the film's topography 

(Figure 3.2-6b). 

 

 
  

 

Figure 3.2-6.  The (1 × 1) μm2 AFM (a and b) 2-D and (a' and b') pseudo-(3-D) images 
of the SYN-MIP film before and after SYN template extraction, respectively, as well as 
the (1 × 1) μm2 AFM (c) 2-D and (c') pseudo-(3-D) images of the NIP film. 
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Table 3.2-1.  Surface elemental composition of the SYN-MIP and NIP films. 

Element NIP film SYN-MIP film 

before SYN 
template extraction 

after SYN template 
extraction 

Concentration (atomic %) 

O 18.13 17.52 17.43 

N 4.63 2.86 2.10 

C 72.65 74.84 72.34 

S 0.31 4.77 8.12 

Cl 4.27 
  

 

3.2.4 Analytical performance of SYN-MIP chemosensor for SYN determination  

3.2.4.1 DPV determining the SYN analyte 

The MIP with emptied molecular cavities was used as the chemosensor recognition unit 

to determine the SYN analyte.  DPV measurements were conducted for the indirect 

determination of SYN in 0.1 M PBS (pH = 7.4), actuating the "gate effect".  In these 

measurements, a 0.1 M K4[Fe(CN)6]/K3[Fe(CN)6] redox probe was used.  The DPV 

peak of this redox couple at the SYN-extracted MIP film-coated Pt disk electrode 

decreased with the increase of the SYN concentration (Figure 3.2-7a).  According to the 

previously-mentioned mechanism,267-269, 399 analyte molecules enter MIP molecular 

cavities, hampering the redox probe diffusion through the polymer.  The linear dynamic 

concentration ranged from 0.1 to 0.99 µM SYN (Figure 3.2-7b), with the calibration 

plot obeying the linear regression equation of (𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 =

 12×10−2(±1×10−2) + 3.2×10−4(±0.2×10−4) 𝑐SYN [nM].  The correlation coefficient and 

LOD at 𝑆/𝑁 = 3 was 0.979 and 12.2 nM, respectively.  Notably, the SYN-MIP 

chemosensor was moderately selective to common interferences.  That is, DPV-

determined selectivity for urea, creatinine, adrenalin, and glucose were 2.05, 2.08, 2.63, 

and 2.46, respectively (Figure 3.2-7b).  Moreover, SYN was determined with DPV at 

the Pt disk electrode coated with the NIP film (Figure 3.2-7c) to demonstrate successful 

imprinting.  The control polymer (NIP) film-coated electrode was immersed in 0.1 M 

NaOH for 60 min before SYN determination to execute the same extraction procedure 
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as with the MIP film.  The linear regression equation for SYN binding at the NIP was 

(𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 = 7.5×10−2(±0.5×10−2) + 1.19×10−4(±0.08×10−4) 𝑐SYN [nM] 

with the correlation coefficient, 𝑅2 = 0.980.  The NIP film sensitivity was lower than 

that of the SYN-extracted MIP film (curve 2' in Figure 3.2-7b), thus confirming  

the formation of high-affinity molecular cavities in the SYN-MIP.  The apparent IF, 

calculated as the ratio of MIP and NIP film sensitivity to SYN (curves 1' and 2'  

in Figure 3.2-7b), was IF = 2.7. 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

5

10

15

20

25

30

35

40

 

 

C
u
rr

e
n
t,

 
A

Potential, V vs. Ag quasi-reference electrode

a
1

6

 
0 200 400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5

 

 

(I
D

P
V

,0
 -

 I
D

P
V

,s
)/

I D
P

V
,0

Concentration, nM

1'

2'

3'

4'
5'
6'

b

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

10

20

30

40

50

60

70

 
 

C
u
rr

e
n
t,

 
A

Potential,  V vs. Ag quasi-reference electrode

1''

6''

c

 

Figure 3.2-7.  The DPV curves recorded at (curve 1) SYN-MIP film-coated Pt disk 
electrode after SYN template removal with 0.1 M NaOH for 60 min, and then after 
addition of SYN to result in its solution concentration of (curve 2) 0.10, (curve 3) 0.29, 
(curve 4) 0.48, (5) 0.74, and (curve 6) 0.99 μM.  (b) Calibration plots for electrodes 
coated with (curves 1 and 3−6) SYN-MIP and (curve 2) the NIP film for (curves 1' 
and 2') SYN, (curve 3') urea, (curve 4') creatinine, (curve 5') adrenalin, and (curve 6') 
glucose.  (c) The DPV peak recorded at the control NIP film-coated Pt disk electrode in 
(curve 1'') the SYN absence and its presence at the concentration of (curve 2'') 0.10, 
(curve 3'') 0.29 (curve 4'') 0.48, (curve 5'') 0.74, and (curve 6'') 0.99 μM.  All DPV 
experiments were performed in the presence of the 0.1 M K4[Fe(CN)6] and 0.1 M 
K3[Fe(CN)6] redox probe in 0.1 M PBS (pH = 7.4) solution. 
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3.2.4.2 EIS determining the SYN analyte 

Furthermore, SYN was determined using EIS.  Impedance spectra were recorded at the 

SYN-extracted MIP film-coated Pt disk electrode in the presence of 

0.1 M K4[Fe(CN)6]/K3[Fe(CN)6] redox probe in 0.1 M PBS (pH = 7.4).  Each Nyquist 

plot consists of a semicircle and a straight line in the high- and low-frequency region, 

respectively (Figure 3.2-8a).  Such a plot represents a redox process under the control of 

the charge-transfer rate at a porous film-coated electrode.364  A modified Randles 

equivalent circuit was applied to interpret the EIS spectra recorded (inset  

in Figure 3.2-8a).  𝑅ct representing the charge transfer resistance of the electron transfer 

between the redox probe in solution and the electrode was determined for each SYN 

addition to the test solution.  The MIP film resistance increased with the SYN 

concentration increase because more and more molecular cavities in the MIP film were 

occupied by the SYN analyte molecules, causing the polymer to be more insulating.  

Moreover, the phase angle became increasingly negative within the binding of SYN 

molecules (Figure 3.2-8b), suggesting a more capacitive nature of the system.   

The calibration plot constructed for SYN (curve 1IV in Figure 3.2-8d) in the dynamic 

concentration range of 0.1 to 0.99 μM SYN conformed to the linear regression equation 

of Δ𝑅ct [Ω] = 75 (±11) [Ω]  +  0.47 (±0.02) 𝑐SYN [nM] with the correlation coefficient, 

𝑅2 = 0.993.  The LOD for SYN reached 5.69 nM at 𝑆/𝑁 = 3.  Moreover, the SYN-MIP 

chemosensor's selectivity to interferences, determined by EIS, was high.  The selectivity 

for urea, creatinine, adrenalin, and glucose was high, equaling 10.90, 9.97, 9.65, and 

11.27, respectively.  Additionally, to confirm the imprinting, SYN was determined at 

the NIP film-coated electrode under the same conditions as the SYN-MIP film 

(Figure 3.2-8c).  The NIP sensitivity, determined from the EIS calibration plot, was 

much lower than the sensitivity of the SYN-extracted MIP film (curve 2IV  

in Figure 3.2-8d).  The apparent IF was 6.31.  The linear regression equation of the 

calibration plot of Δ𝑅ct [Ω] = 13(±3) [Ω] +  7.5×10−2 (±0.5×10−2) 𝑐SYN [nM], with the 

correlation coefficient, 𝑅2 = 0.994, described the linear dynamic concentration range of 

0.1 to 0.99 μM SYN in the case of (NIP film)-coated electrode. 
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Figure 3.2-8.  The (a) Nyquist and (b) Bode plots of impedance spectra recorded at 
(curves 1, 1' and 1") SYN-MIP film-coated Pt disk electrode after extraction of the SYN 
template with 0.1 M NaOH for 60 min, and then after the addition of SYN reaching the 
solution concentration of (curves 2, 2' and 2") 0.10, (curve 3, 3' and 3") 0.29, (curves 4, 
4' and 4") 0.48, (curves 5, 5' and 5") 0.74, and (curve 6, 6' and 6") 0.99 μM.  (c) Nyquist 
plots for the NIP film-coated Pt disk electrode (curve 1"') in the absence and then in the 
presence of SYN at a solution concentration of (curve 2"') 0.10, (curve 3"') 0.29, 
(curve 4"') 0.48, (curve 5"') 0.74, and (curve 6"') 0.99 μM.  (d) The calibration plots 
constructed for electrodes coated with (curves 1IV and 3IV−6IV) SYN-MIP and 
(curve 2IV) the NIP film for (curves 1IV and 2IV) SYN, (curve 3IV) urea, (curve 4IV) 
creatinine, (curve 5IV) adrenalin, and (curve 6IV) glucose.  All EIS measurements were 
performed in the presence of the 0.1 M K4[Fe(CN)6] and 0.1 M K3[Fe(CN)6] redox 
probe in 0.1 M PBS (pH = 7.4) in the frequency range of 1 MHz to 0.1 Hz at open 
circuit potential. 
 

3.2.5 Investigation of the "gate effect" mechanism  

Furthermore, the origin of the decrease in the DPV peak of a redox probe recorded at 

the SYN-MIP film-coated electrode with the SYN concentration increase  

(Figure 3.2-7a) was investigated in detail.  Possible mechanisms accounting for those 

changes may be divided into two groups.  One is related to the change in the rate of the 

redox probe diffusion through the polymer film, whereas the other group is associated 

with the change in the electrochemical properties of the MIP film itself. 
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3.2.5.1 Possible "gate effect" mechanism related to redox probe diffusion 

One of the mechanism hypotheses describing the redox probe diffusion through the MIP 

film is connected to the swelling or shrinking of the polymer film (Schemes 3.2-3 

and 3.2-4).  According to this hypothesis, analyte molecules binding by molecular 

cavities may cause MIP film shrinking or swelling, thus enhancing267 or  

hampering268-269, 399 redox probe diffusion through the film to the electrode surface, 

resulting in faradaic current changes corresponding to oxidation of the redox probe at 

the MIP film-coated electrode.  Therefore, EIS measurements were performed to 

analyze the above mechanism.  EIS spectra were recorded in the presence of SYN of 

different concentrations in the test solution (Figure 3.2-8a) because the above changes 

in the diffusion rate of the redox probe should impact the Nyquist plot in the low-

frequency region.  However, just straight lines coming from Wartburg impedance were 

visible in the low-frequency region of EIS spectra. 

 

 

Scheme 3.2-3.  Illustration of the possible diffusion-controlled "gate effect" mechanism 
presenting the MIP film swelling.  Polymer film (a) before and (b) after analyte binding, 
as well as (c) DPV signals recorded at an MIP film-coated electrode in the presence of a 
redox probe in the test solution. 
 

Moreover, SYN molecules binding to molecular cavities of the MIP film did not 

influence the slopes of these lines, which were equal to 42 (±1) °.  Notably, an increase 

in the charge transfer resistance in the high-frequency region of EIS spectra with  
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the SYN concentration increase was substantial.  Additionally, Bode plots  

(Figure 3.2-8b), simultaneously recorded with Nyquist plots, showing the phase angle 

increase with the SYN concentration increase, suggested changes in the double-layer 

capacitance.  The EIS measurement results indicate that the "gate effect" mechanism 

related to polymer films' swelling or shrinking does not adequately explain the 

operation of the SYN-MIP film-coated electrodes. 

 

 

Scheme 3.2-4.  Illustration of the possible diffusion-controlled "gate effect" mechanism 
showing the MIP film shrinking.  Polymer film (a) before and (b) after analyte binding, 
as well as (c) DPV signals recorded at an MIP film-coated electrode in the presence of a 
redox probe in the test solution. 

 

Afterward, SPR measurements on Au-glass disks coated with SYN-MIP and NIP 

films were performed to verify the above inference.  The SPR signal changes are related 

to changes in the refractive index of the insulating phase in the close vicinity of the SPR 

chip gold surface.364  Thus, MIP film swelling due to analyte binding should push out 

water from the proximity of the Au-layered glass disk, resulting in a change in the 

refractive index and then a change in the SPR signal.  However, the signal nearly did 

not change with the SYN concentration change in the 90 to 330 μM range  

(Figure 3.2-9), manifesting no MIP film swelling due to SYN molecules binding by 

imprinted cavities. 
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Figure 3.2-9.  Changes in the SPR angle with time recorded at the SYN-MIP film-
coated SPR chip for the SYN analyte of concentrations indicated with numbers at the 
curve in 0.1 M PBS (pH = 7.4). 

 

Interestingly, the SPR signals recorded at Au-glass disks coated with SYN-MIP 

and NIP films were dependent on the only relatively high concentration of SYN ranging 

from 0.45 to 2.06 mM (Figures 3.2-10a and 3.2-10b), thus indicating that swelling of 

the polymer film may occur only at such high concentrations of SYN.  The increase  

in the SPR signal for the MIP film with the SYN concentration increase (curve 1  

in Figure 3.2-10a) was characterized by the linear regression  

equation of the calibration plot of (𝑆𝑃𝑅0 −  𝑆𝑃𝑅S) [°/mM] =

 10.5×102 (±0.5×102) + 9.6×102 (±0.4×102)𝑐SYN [mM] with the correlation coefficient, 

𝑅2 = 0.990 (calibration plot 1' in Figure 3.2-10b).  The calculated LOD was equal to 

6.9 μM SYN at 𝑆/𝑁 = 3.  The SPR signal for the NIP film linearly increased with the 

SYN concentration increase (curve 2 in Figure 3.2-10a), obeying the linear regression 

equation of the calibration plot of (𝑆𝑃𝑅0 − 𝑆𝑃𝑅S) [°/mM] =

 6.6×102 (±0.2×102) + 2.2×102 (±0.1×102) 𝑐SYN [mM] with the correlation coefficient, 

𝑅2 = 0.984.  The apparent IF calculated from the ratio of these calibration curves' 

slopes was 4.4. 
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Figure 3.2-10.  (a) The SPR angle change with time for SYN in 0.1 M PBS (pH = 7.4) 
at the (curve 1) SYN-MIP and (curve 2) NIP film-coated SPR chip at concentrations 
indicated with numbers at the curve.  (b) The SPR calibration plots for SYN in 0.1 M 
PBS (pH = 7.4) at the (curve 1') SYN-MIP and (curve 2') NIP film-coated SPR chip. 

 

Furthermore, in situ AFM imaging was performed to analyze the influence of the 

SYN binding by molecular cavities on the MIP film swelling (Figure 3.2-11).  These in 

situ AFM experiments allowed verifying whether the polymer swells or not by 

determining its thickness change accompanying analyte binding.  First, the SYN-MIP 

film-coated Au-layered glass slide was imaged in the air (Figure 3.2-6a).  The film 

thickness and roughness were determined by scratching the polymer with a plastic 

pipette tip.  Then the film was stripped of the gold surface near the scratch, exposing the 

gold layered intact, allowing to determine the exact film thickness.  An example of  

a similar procedure is depicted in Figure 3.2-12. 
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Figure 3.2-11.  The SYN-MIP film thickness determined by AFM imaging in the air, 
then in 0.1 M PBS (pH = 7.4), and then in a solution of 0.5 μM SYN in 0.1 M PBS 
(pH = 7.4). 
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The polymer's thickness and roughness in the air were determined as 12.3 (±0.6) 

and 2.4 nm, respectively.  Subsequently, the glass slide coated with this MIP film was 

immersed in 0.1 M PBS (pH = 7.4) for 40 min.  The polymer thickness in situ 

determined using the scratch previously made was equal to 15.2 (±0.7) nm, indicating 

that the MIP film swelled by ∼25% after immersion in the blank PBS.  Then, the MIP 

film coated slide was transferred to a solution of 0.5 µM SYN in 0.1 M PBS (pH = 7.4) 

and then kept in it for 45 min.  Then, the film thickness was again determined by 

analyzing the same scratch.  The obtained value remained nearly the same, equalling 

15.7 (±0.3) nm, signifying that SYN-MIP film did not swell due to analyte binding at a 

given SYN concentration range.  The AFM results correspond to SPR experiments' 

results during SYN-MIP deposition on an Au-layered glass disk (Figure 3.2.4b). 

 
Figure 3.2-12.  An example of making a scratch in a polymer film for the determination 
of the film thickness.  (a) The (10 × 40) μm2 AFM image displaying the area in the 
vicinity of a scratch and (b) corresponding film cross-section, including the Au coating 
and the polymer film.  (c) The (5 × 5) μm2 AFM image showing the surface of the 
polymer film, which thickness was determined against the Au coating. 
(d) The (5 × 5) μm2 AFM image presenting an intact Au surface revealed after 
exfoliation of the polymer film.  Reproduced from.404 
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Another possible mechanism involves the physical blocking of the redox probe 

diffusion through the MIP film (Scheme 3.2-5).  This mechanism is well suited for thin, 

nonconductive MIP films imprinted with macromolecules.280-282  Surface imprinting of 

those molecules caused the formation of molecular cavities with diameters ranging from 

5 to 10 nm, a few times larger than the redox probe diameter.  In consequence, redox 

probe diffusion through these cavities is highly possible.285, 288-289  If target 

macromolecules occupy these cavities, the diffusion of the redox probe can be blocked. 

Nevertheless, K4[Fe(CN)6]/K3[Fe(CN)6] redox probe diffusion directly through 

cavities in SYN-MIP film is unlikely since the diameters of redox probe molecules are 

similar to those of imprinted cavities.  Moreover, cavities interconnection to form 

channels in the SYN-MIP film protruding to the electrode surface is impossible.  Such a 

polymer structure would be manifested in the low-frequency region of the Nyquist plot 

by curve deviation from linearity, characteristic of diffusion through porous 

materials.282  However, this feature was not observed (Figure 3.2-8a).  Therefore, this 

mechanism may be excluded for the SYN-MIP film-based chemosensor. 

 

 

Scheme 3.2-5.  Illustration of the possible diffusion-controlled "gate effect" mechanism 
showing the physical blocking of the redox probe diffusion through the MIP film by 
analyte molecules filling the imprinted cavities.  MIP film (a) before and (b) after 
analyte binding, as well as (c) DPV signals recorded at an MIP film-coated electrode in 
the presence of a redox probe in the test solution. 
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The last possible mechanism related to the redox probe diffusion is charge 

accumulation in the MIP film (Schemes 3.2-6 and 3.2-7.). 

 

 
Scheme 3.2-6.  Illustration of the possible diffusion-controlled "gate effect" mechanism 
showing the charge accumulation in the MIP film.  MIP film (a) before and (b) after 
binding of a positively charged analyte, as well as (c) DPV signals recorded at an MIP 
film-coated electrode in the presence of a negatively charged redox probe in the test 
solution. 
 

 
Scheme 3.2-7.  Illustration of the possible diffusion-controlled "gate effect" mechanism 
showing the charge accumulation in the MIP film.  MIP film (a) before and (b) after 
binding of a positively charged analyte, as well as (c) DPV signals recorded at an MIP 
film-coated electrode in the presence of a positively charged redox probe in the test 
solution. 
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The SYN-MIP film is formed from the CM 2 cross-linking monomer and FM 3 

functional monomer bearing the carboxyl group, deprotonated and thus negatively 

charged in a neutral solution.  In this solution, the SYN amine group is protonated and, 

hence, is positively charged.  Therefore, due to charge accumulation in the SYN-MIP 

film, the diffusion of the redox probe may be affected via electrostatic interactions.  

Hence, DPV measurements were performed in the presence of a positively charged 

redox probe, 0.1 M [Ru(NH3)6]Cl3 in 0.1 M PBS (pH = 7.4) at the electrode coated with 

SYN-extracted MIP film (Figure 3.2-13). 
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Figure 3.2-13.  DPV voltammograms for 0.1 M Ru(NH3)6Cl3 redox probe in 0.1 M 
PBS (pH = 7.4) recorded at the SYN-MIP film-coated Pt disk electrode (curve 1) after 
template extraction with 0.1 M NaOH for 60 min, and then immersion in a solution of 
(curve 2) 0.10, (curve 3) 0.29 (curve 4) 0.48, (curve 5) 0.74, and (curve 6) 0.99 μM 
SYN in 0.1 M PBS (pH = 7.4). 
 

The occurrence of negatively charged carboxylate groups in the polymer may 

hinder Fe(CN)6
3− ions diffusion and accumulate Ru(NH3)6

3+ cations.  Subsequent 

binding of positively charged SYN in the presence of a negatively charged probe might 

either facilitate or make transport of the hexacyanoferrate ions less difficult, thus 

resulting in a DPV peak increase and, presumably, narrowing.  The binding of SYN in 

the presence of the positively charged Ru(NH3)6
3+ probe may cause less redox probe 

accumulation, decreasing and possibly broadening the DPV peak.  Using a differently 

charged redox probe should result in changes in the DPV peak of the Ru(NH3)6
3+ probe 

in the opposite direction than that of the negatively charged Fe(CN)6
3− probe or DPV 

peak Ru(NH3)6
3+ redox probe would not be much affected with the SYN concentration 
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increase.  However, the behavior of the DPV peak of Ru(NH3)6
3+ was similar to that of 

the negatively charged Fe(CN)6
3−.  Namely, it decreased with the SYN concentration 

increase.  Similar behavior of DPV peaks originating from differently charged redox 

probes suggests that PBS ions might compensate for any charge appearing in the MIP 

film, and therefore, charge accumulation in the MIP film does not affect redox probe 

diffusion through the SYN-MIP film.  Thus, the mechanism involving charge 

accumulation may also be excluded. 

3.2.5.2 Possible "gate effect" mechanism involving the electrical effects of an MIP 

film 

The above experiments demonstrated that the decrease in the DPV peak of the redox 

probe with the SYN analyte concentration increase, recorded at the conductive SYN-

MIP film-coated electrode, does not hamper redox probe diffusion through the MIP but 

most likely incurs changes in the MIP film electrochemical properties.  The Nyquist 

plots recorded for SYN determination show an increase in the MIP charge transfer 

resistance with the analyte concentration increase (Figure 3.2-8a).  Moreover, the 

separation of anodic and cathodic peaks in the current-potential curves increased with 

the SYN concentration increase (Figure 3.2-14), like if the electrochemical reversibility 

of the K4[Fe(CN)6]/K3[Fe(CN)6] redox couple electro-oxidation decreased because of 

analyte binding by the MIP. 
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Figure 3.2-14.  The current-potential curves in the presence of the 0.1 M K4[Fe(CN)6] 
and 0.1 M K3[Fe(CN)6] redox probe in 0.1 M PBS (pH = 7.4) recorded at the SYN-MIP 
film-coated Pt disk electrode (curve 1) after extraction of the SYN template from the 
film, and then the addition of SYN analyte to reach the concentration of (curve 2) 0.10, 
(curve 3) 0.29 (curve 4) 0.48, (curve 5) 0.74, and (curve 6) 0.99 μM. 
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CV results align with the DPV determination of SYN, in which DPV peaks 

decreased and broadened with the SYN concentration increase (Figure 3.2-7a 

 and Table 3.2-2).  This behavior pointed to conductivity changes in the polymer film. 

Table 3.2-2.  The DPV peak width at half height recorded at the bare Pt disk electrode 
and the SYN-extracted MIP film-coated Pt disk electrode. 

The DPV peak 

 Peak width at half height (W1/2), mV 

 0.1 M K3[Fe(CN)6] and 
0.1 M K4[Fe(CN)6] 

redox probe 

0.1 M 
Ru(NH3)6Cl3 
redox probe 

Bare Pt disk 
electrode 

 171 160 

SYN-extracted MIP 
film-coated Pt disk 
electrode; the SYN 
concentration of: 

 
  

0  215 136 

0.10 µM  225 137 

0.29 µM  234 140 

0.48 µM  244 142 

0.74 µM  249 144 

0.99 µM  269 153 

 

Therefore, the current-potential curves were derivatized (Figure 3.2-15) to assess 

the MIP film's conductivity.  Evidently, MIP molecular cavities binding of SYN 

molecules led to a decrease in MIP film conductivity, decreasing and broadening the 

DPV peak with the increase in SYN concentration. 

Thus, UV-vis spectroscopy measurements were performed to examine the 

electronic properties of conductive MIP films in detail.405  UV-vis absorption spectra 

were recorded for SYN (spectrum 1 in Figure 3.2-16), CM 2 (spectrum 2 

in Figure 3.2-16), and FM 3 (spectrum 3 in Figure 3.2-16)  in acetonitrile.  Moreover, 

UV-vis reflection spectra were recorded for the control NIP film (spectrum 4 

in Figure 3.2-16) and the SYN-extracted MIP film (spectrum 5 in Figure 3.2-16),  

and then after immersion of the latter film in 0.1 M PBS (pH = 7.4) for 15 min,  
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and subsequently in the solution of 0.5 μM SYN in 0.1 M PBS (pH = 7.4) for 5 min 

(spectra 6 and 7 in Figure 3.2-16, respectively). 
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Figure 3.2-15.  The first derivatives of CV curves presented in Figure 3.2-14. 
 

The presence of thiophene moieties in cross-linking monomer CM 2 and functional 

monomer FM 3 resulted in respective absorption bands at ∼280 and ∼325 nm in 

spectra 2 and 3 in Figure 3.2-16.  A broad red-shifted band extending from ∼250 to 

600 nm in spectrum 5 for the SYN-extracted MIP film implied the occurrence of 

polythiophene chains, with various conjugation lengths, formed during the 

electrodeposition of the MIP film on the electrode.406-407  A band shift to a longer 

wavelength in spectrum 5 may also originate from the π−π stacking of neighboring 

thiophene aromatic rings of the polymer backbone.263  Moreover, a similar band, 

ranging from ∼250 to 600 nm, is seen in spectrum 4 for the NIP film, indicating the 

presence of polythiophene chains in the NIP.  Additionally, a weak band, presumably 

originating from partially oxidized polythiophene,405 is seen between 700 and 730 nm in 

spectra 4 to 7 (inset in Figure 3.2-16).  The appearance of these weak bands signifies the 

presence of the polythiophene radical cations (polarons) in the MIP film, although in 

low quantity.  Unfortunately, with our spectrophotometer, it was impossible to record 

spectra for wavelengths exceeding 900 nm, where the presence of dication (bipolaron) 

bands is expected.  Nevertheless, it still may be concluded that the semiconductive MIP 

and NIP films with just a slight doping were formed.  Moreover, similar spectra were 

recorded for SYN-extracted MIP film-coated electrode immersed in blank PBS 
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(pH = 7.4) for 15 min and then transferred to the solution of 0.5 µM SYN in PBS 

(pH = 7.4) for 5 min (spectra 6 and 7, respectively, in Figure 3.2-16). 

Furthermore, no significant changes were observed at a wavelength above 600 nm, 

indicating that the MIP film binding of the SYN analyte did not influence the polymer 

film doping.  Thus, the DPV peak decrease with the SYN concentration increase does 

not involve changes in the SYN-MIP film doping.  Hence, no difference in the 

population of radical cations (polarons) in the semiconductive SYN-MIP film implies 

that a decrease in MIP film's conductivity results from the decrease in the mobility of 

radical cations (polarons) resulting from analyte binding. 
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Figure 3.2-16.  UV-vis absorption spectra for (spectrum 1) 100 μM SYN, (spectrum 2) 
50 μM CM 2, and (spectrum 3) 50 μM FM 3 in acetonitrile, as well as UV-vis reflection 
spectra for (spectrum 4) the NIP film and (spectrum 5) the SYN-MIP film after SYN 
template removal, and then (curve 6) immersion in 0.1 M PBS (pH = 7.4) for 15 min, 
and subsequently (spectrum 7) in the solution of 0.5 μM SYN in 0.1 M PBS (pH = 7.4) 
for 5 min. 
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3.3 Redox self-reporting MIP film-based chemosensor 

The present section concentrates on devising a chemosensor involving a film of a redox 

self-reporting MIP with the covalently immobilized ferrocene redox probe for label-free 

electrochemical determination of an SYN model analyte. 

It has already been demonstrated in Section 3.2 above that a faradaic current 

decrease correlating with the electro-oxidation of the redox probe due to SYN binding 

originated from changes in the electrochemical properties of the SYN-MIP film.  Since, 

presumably, the binding of an analyte to the polymer does not affect the diffusion of the 

redox probe to the electrode, redox probe diffusion might not be a crucial parameter for 

the involved faradaic current.  Thus, it might be excluded in determining electroinactive 

analytes at electrodes coated with conductive MIP films.  In consequence, a redox probe 

could be embedded inside the MIP matrix.  Therefore, a new monomer (FcM), a 

ferrocene (Fc) derivative, was synthesized and used to prepare self-reporting MIP film.  

The role of FcM was to provide an internal redox probe and simultaneously act as a 

cross-linking monomer.  Moreover, a well-known pre-polymerization complex of the 

FM 3 functional monomer with the SYN template was used for constructing a self-

reporting MIP film chemosensor.  Applying the system same as for the traditional ("gate 

effect")-operated SYN-MIP film chemosensor described in Section 3.2 above allowed 

comparing the analytical performance of those two chemosensors.  Additionally, the 

deposition conditions of the self-reporting polymer were optimized because the MIP 

film morphology and thickness proved to be significant sensing parameters.   

The analytical performance of the devised chemosensor was examined during SYN 

determination in the (redox probe)-free test solution.  Applying the self-reporting MIP 

chemosensor for label-free analyte sensing significantly shortens the sample preparation 

time for analysis.  Moreover, such an electrochemical sensor with the immobilized 

redox probe is easy to miniaturize into a hand-held device useful for in-field 

measurements. 

3.3.1 Selecting components of the pre-polymerization complex solution 

For pre-polymerization complex formation, the functional monomer and template were 

selected the same as those for the SYN-MIP film chemosensor preparation, described in 

Section 3.2.1 above.  That is, FM 3 was chosen as a functional monomer capable of 

hydrogen bonding and electrostatically interacting with the SYN template  
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(Schemes 3.2-2b and 3.2-2c).  The Gibbs free energy gain of such a complex of one 

molecule of SYN with three molecules of FM 3 was −227.4 kJ mol−1, demonstrating the 

formation of a stable pre-polymerization complex. 

Using a well-known complex of the template with the functional monomer in the 

preparation of a self-reporting MIP film chemosensor allows for comparing the 

analytical performance of this sensor with that traditional using the "gate effect."  

Moreover, for devising a redox self-reporting MIP film-based chemosensor, a specially 

designed and synthesized monomer, namely bis-(2,2'-bithienyl)-4 ferrocenylphenyl 

methane, FcM (1 in Scheme 3.3-1a), was also included in the pre-polymerization 

complex solution.  Because of bearing both the ferrocene and bis-bithiophene moieties 

in its structure, FcM provides an internal redox probe and acts as a cross-linking 

monomer forming a rigid framework of the polymer matrix.  Introducing FcM 

facilitates exchanging electrons between the electrode substrate and the ferrocene 

moieties, transferred through the polybithiophene backbone, resulting in the faradaic 

current of the internal redox probe being enhanced compared to formerly reported 

(internal ferrocene probe)-based MIP chemosensors.341, 344, 350-351  Those non-conductive 

MIPs were prepared mainly from vinyl ferrocene monomers and ferrocenylmethyl 

methacrylate monomers.  Therefore, ferrocene moieties from these polyacrylic MIPs 

located far from the electrode surface could not be electro-oxidized.  Thus, a deficient 

number of ferrocene moieties participated in the MIP chemosensors' responses.  In 

consequence, the generated faradaic currents were small. 
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Scheme 3.3-1.  (a) The structural formulas of compounds used for 
electropolymerization: (1) bis-(2,2’-bithienyl)-4-ferrocenylphenyl methane (FcM), 
(2) sodium thiophen-2-ylmethanesulfonate, (3) chromotropic acid disodium salt, (4) 1-
decyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ionic liquid as well as 
(b) the structural formulas of compounds which provide lipophilic anions: 
(1) ammonium thiocyanide, (2) benzoic acid, (3) phthalic acid, (4) trimesic acid, 
(5) sodium dodecyl sulfate. 
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3.3.2 Optimizing synthesis of redox self-reporting (p-synephrine)-templated MIP 

films for p-synephrine determining in aqueous solutions 

Different MIP films with covalently immobilized ferrocene redox probes, namely 

(SYN-Fc)-(MIP-1), (SYN-Fc)-(MIP-2), and (SYN-Fc)-(MIP-3) films, were prepared as 

described in Section 2.2.1.8 above. 

3.3.2.1 Preparing (SYN-Fc)-(MIP-1) film chemosensor and subsequent examining its 

analytical performance in aqueous solutions 

The (SYN-Fc)-(MIP-1) film was deposited on the Pt disk electrode surface by 

potentiodynamic copolymerizing FM 3 with FcM in the presence of the SYN template 

(Figure 3.3-1).  The appearance of an anodic peak at 1.20 V vs. Ag quasi-electrode 

during polymer film formation indicated the electro-oxidation of bithiophene moieties 

of FM 3 and FcM.  Moreover, the current increase in subsequent cycles signified the 

deposition of a conductive MIP film.  Importantly, anodic and cathodic peaks of 

ferrocene in the potential range of 0.40 to 0.50 V vs. Ag quasi-reference electrode were 

visible during the electropolymerization (Inset in Figure 3.3-1).  Peak-to-peak potential 

separation increased from 88 to 122 mV with successive cycles, implying that either the 

one-electron electrochemically quasi-reversible process became electrochemically 

irreversible or the iR potential drop increased with the current increase because of the 

high resistivity of the polymer film. 
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Figure 3.3-1.  Five-cycle potentiodynamic curves for (SYN-Fc)-(MIP-1) film 
deposition on 1-mm diameter Pt disk electrode from 10 µM SYN, 30 µM FM 3, 
100 µM FcM in 0.1 M (TBA)ClO4, in the acetonitrile-dichloromethane 9 : 1 (v : v) 
solution. 
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Presumably, the charge provided by the counter ion diffusion in and out of the 

(SYN-Fc)-(MIP-1) film was insufficient to compensate for the charge appearing on the 

ferrocene moiety during electropolymerization.  Moreover, the height of ferrocene 

peaks remained almost similar from cycle to cycle, indicating that consecutive polymer 

layers' deposition nearly did not impact the redox process of ferrocene.  Instead, 

charging and discharging of the ferrocene moiety occurred, presumably, in the pre-

polymerization complex solution of acetonitrile only in the electrical double layer at the 

interface of the electrode-(MIP film) or (MIP film)-(acetonitrile solution). 

After (SYN-Fc)-(MIP-1) film deposition, template extraction from the MIP film 

was optimized using UV-vis spectroscopy (Figure 3.3-2).  The MIP film-coated 

electrode was transferred to the 0.1 M NaOH extraction solution, and then a UV 

spectrum was recorded after each 10-min interval.  The characteristic band at 210 nm 

corresponding to SYN absorption was visible, implying the presence of SYN in the 

extraction solution.  The band did not increase after 50-min extraction.  Apparently, the 

SYN concentration in the extraction solution remained constant, thus indicating that the 

template was removed from the MIP film.  Therefore, this time was selected for SYN 

extraction with 0.1 M NaOH. 
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Figure 3.3-2.  UV-vis spectra for 0.1 M NaOH extraction solution (spectrum 1) before 
and after its application for SYN template removal from the (SYN-Fc)-(MIP-1) film for 
(spectrum 2) 10, (spectrum 3) 20, (spectrum 4) 30, (spectrum 5) 40, (spectrum 6) 50, 
and (spectrum 7) 60 min. 
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After template removal, the Pt disk electrode coated with the SYN-extracted MIP 

film was transferred to a blank PBS (pH = 7.4), then the DPV current was recorded.  

However, the DPV peak for the ferrocene internal redox probe was not visible in the 

potential range of 0 to 0.70 V vs. Ag quasi-reference electrode (Figure 3.3-3a), even 

though anodic and cathodic peaks were well pronounced during potentiodynamic 

(SYN-Fc)-(MIP-1) film formation.  The phosphate and chloride anions from the PBS 

solution were presumably too hydrophilic to penetrate the hydrophobic poly(bis-

bithiophene) MIP film.  Therefore, they could not balance the positive charge generated 

on ferrocene moieties during their electro-oxidation.  Hence, different lipophilic salts or 

acids were added to the test solution, PBS (pH = 7.4), to facilitate the electro-oxidation 

of the ferrocene internal redox probe. 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

a

C
u
rr

e
n
t,

 
A

Potential, V vs. Ag quasi-reference electrode
0.4 0.5 0.6 0.7 0.8 0.9 1.0

0

2

4

6

8

10

12

14

b

C
u
rr

e
n
t,
 

A

Potential, V vs. Ag quasi-reference electrode

1

6

1'

 

0 200 400 600 800 1000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

(I
D

P
V,

0 
- I

D
P

V,
s)

I D
P

V,
0

SYN concentration, nM

c

 
Figure 3.3-3.  The DPV curve recorded at the 1-mm Pt disk electrode coated with the 
SYN-extracted (SYN-Fc)-(MIP-1) film in (a) blank 0.1 M PBS (pH = 7.4) and the 
presence of (b) 0.1 M NH4SCN in 0.1 M PBS (pH = 7.4) after addition of SYN to reach 
the concentration of (curve 1) 0, (curve 2) 0.10, (curve 3) 0.29, (curve 4) 0.48, (curve 5) 
0.74, and (curve 6) 0.99 μM as well as (1') the current recorded at the blank 1-mm Pt 
disk electrode in 0.1 M NH4SCN in 0.1 M PBS (pH = 7.4).  (c) The calibration plot for 
the SYN analyte in 0.1 M NH4SCN in 0.1 M PBS (pH = 7.4) at the template-extracted 
(SYN-Fc)-(MIP-1) film-coated electrode. 
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Unfortunately, applying benzoic acid (2 in Scheme 3.3-1b), phthalic acid 

(3 in Scheme 3.3-1b), trimesic acid (4 in Scheme 3.3-1b), and sodium dodecyl sulfate 

(5 in Scheme 3.3-1b) resulted in no peak during DPV measurements at the (SYN-Fc)-

(MIP-1) film-coated electrode (data not shown).  Apparently, these electrolytes did not 

promote ferrocene moiety oxidation in PBS.  However, a broad peak of ferrocene 

appeared at 0.65 V vs. Ag quasi-reference electrode in the presence of 0.1 M NH4SCN 

in 0.1 M PBS, pH = 7.4 (curve 1 in Figure 3.3-3b).  Notably, such a pronounced DPV 

peak was not observed in the voltammogram recorded at a bare Pt electrode immersed 

in the same 0.1 M NH4SCN solution (curve 1' in Figure 3.3-3b). 

3.3.2.2 Preparing (SYN-Fc)-(MIP-2) film chemosensor and examining its analytical 

performance in aqueous solutions 

Adding extra salts to the test solution to facilitate ferrocene moieties' electro-oxidation 

is inconvenient in SYN analyte determining in a (redox probe)-free test solution.  Thus, 

a film of another polymer, vis., (SYN-Fc)-(MIP-2), was prepared (Figure 3.3-4). 
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Figure 3.3-4.  Potentiodynamic curves for (SYN-Fc)-(MIP-2) film deposition on a 1-
mm diameter Pt disk electrode from the acetonitrile-dichloromethane 9 : 1 (v : v) 
solution of 10 µM SYN, 30 µM FM 3, 100 µM FcM, 100 μM sodium thiophen-2-
ylmethanesulfonate, and 0.1 M (TBA)ClO4. 
 

This film was synthesized similarly to the (SYN-Fc)-(MIP-1) film, but one more 

component, vis., sodium thiophen-2-ylmethanesulfonate (2 in Scheme 3.3-1a), was 

introduced to the pre-polymerization complex solution.  This compound provides an 
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anion that supposedly neutralizes the positive charge generated on the ferrocene moiety 

during electro-oxidation.  Sodium thiophen-2-ylmethanesulfonate was copolymerized 

with FcM at the molar ratio of 1 : 1 in the presence of FM 3 and SYN.  Immobilizing 

this salt in the MIP film might enable the ferrocene oxidation in the PBS and thus 

improve the label-free determination of SYN.  During potentiodynamic deposition of 

the (SYN-Fc)-(MIP-2) film on the Pt disk electrode surface, an anodic peak at 1.20 V 

vs. Ag quasi-reference electrode was well developed.  This pronounced peak might be 

assigned to electro-oxidizing the 2,2′-bis-bithiophene moieties of the FcM and FM 3, 

confirming successful polymer formation on the electrode surface.  Moreover, the 

anodic peak current, 𝐼pa, increased in consecutive cycles, suggesting that the 

synthesized MIP film was conductive.  Importantly, anodic and cathodic peaks of the 

ferrocene moiety were observed in current-potential curves at potentials ranging from 

0.35 to 0.40 V vs. Ag quasi-reference electrode, demonstrating that the ferrocene 

derivative was covalently immobilized along with anion in the (SYN-Fc)-(MIP-2) film 

structure.  In fact, a pronounced DPV peak was recorded in blank PBS (pH = 7.4) at the 

polymer film-coated electrode after SYN extraction with 0.1 M NaOH (curve 1 in 

Figure 3.3-5a).  This peak originated from the electro-oxidation of the ferrocene moiety 

embedded in (SYN-Fc)-(MIP-2).  Its presence in the voltammogram recorded after 

transferring the MIP film-coated electrode to blank PBS (pH = 7.4) implied that the 

deposited polymer containing the internal redox probe was stable and remained at the 

electrode surface after the SYN extraction.  Moreover, sodium and potassium cations 

were presumably expelled from the MIP film to maintain the polymer's 

electroneutrality, thus enabling the electro-oxidation of the ferrocene moiety.  

Furthermore, this DPV peak potential was slightly less positive than that recorded for 

the (SYN-Fc)-(MIP-1) film-coated electrode. 

The DPV peak decreased with the SYN concentration increase (Figure 3.3.5a).  

The linear dynamic concentration range extended from 10 to 99 nM SYN with the 

calibration plot described by the linear regression equation of (𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 =

 0.16 (±0.02) + 3.8 × 10−3 (±0.3×10−3) 𝑐SYN [nM] with the correlation coefficient, 

𝑅2 =  0.979 (Figure 3.3.5b). 

http://rcin.org.pl



155 
 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
u

rr
e

n
t,

 
A

Potential, V vs. Ag quasi-reference electrode

1

6

a

0 20 40 60 80 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

SYN concentration, nM

 

(I
D

P
V

,0
 - I

D
P

V
,s

)/I
D

P
V

,0

b

 

Figure 3.3-5.  (a) DPV curves recorded at the 1-mm Pt disk electrode coated with the 
template-extracted (SYN-Fc)-(MIP-2) film in (curve 1) blank 0.1 M PBS (pH = 7.4) and 
then after adding an SYN sample to achieve the concentration of (curve 2) 10, (curve 3) 
29, (curve 4) 48, (curve 5) 74, and (curve 6) 99 nM.  (b) DPV calibration plot for SYN. 
 

3.3.2.3 Preparing (SYN-Fc)-(MIP-3) film chemosensor and characterizing its 

analytical performance in aqueous solutions 

Furthermore, another MIP film was synthesized and examined, namely, (SYN-Fc)-

(MIP-3) film with entrapped chromotropic acid disodium salt (3 in Scheme 3.3-1a) as a 

compound providing the counter ion for ferrocene moiety's electro-oxidation.  However, 

during the polymer formation on the electrode surface, the current decreased in 

subsequent cycles, signifying that the deposited MIP film was relatively resistive 

(Figure 3.3-6). 
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Figure 3.3-6.  The five-cycle potentiodynamic curve for (SYN-Fc)-(MIP-3) film 
deposition on 1-mm diameter Pt disk electrode from 10 µM SYN, 30 µM FM 3, 
100 µM Fc, and 100 μM chromotropic acid disodium salt in 0.1 M (TBA)ClO4, in the 
acetonitrile-dichloromethane 9 : 1 (v : v), solution. 

http://rcin.org.pl



156 
 

Moreover, anodic and cathodic peak currents originating from the electro-oxidation 

and electroreduction of the ferrocene moiety, respectively, decreased in consecutive 

cycles until they disappeared in the last cycle.  Besides, the separation of these peaks 

increased during electropolymerization.  Supposedly, (SYN-Fc)-(MIP-3) film was not 

permeable for perchlorate anions of the supporting electrolyte to penetrate the polymer.  

That is, the ingress and egress of these ions were impossible.  Consequently, the 

ferrocene internal redox probe could not be electro-oxidized during the deposition of a 

thicker MIP film.  Afterward, the DPV peak recorded at the electrode coated with the 

SYN-extracted (SYN-Fc)-(MIP-3) film linearly decreased with the increase of the SYN 

concentration in the range of 0.1 to 0.99 μM (Figure 3.3.7a) obeying the linear 

regression equation of (𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 =

 0.24 (±0.03) + 2.6 × 10−4 (±0.4 × 10−4) 𝑐SYN [nM] with the correlation coefficient, 

𝑅2 = 0.902 (Figure 3.3.7b). 
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Figure 3.3-7.  (a) The DPV curves recorded at the 1-mm Pt disk electrode coated with 
the (SYN-Fc)-(MIP-3) film after SYN extraction with 0.1 M NaOH in (curve 1) blank 
0.1 M PBS (pH = 7.4) and after subsequent addition of SYN to reach the concentration 
of (curve 2) 0.10, (curve 3) 0.29, (curve 4) 0.48, (curve 5) 0.74, and (curve 6) 0.99 μM 
in the test solution.  (b) The DPV calibration plot for SYN constructed. 
 

DPV signals recorded at electrodes coated with template-extracted (SYN-Fc)-

(MIP-2) and (SYN-Fc)-(MIP-3) films during the determination of SYN in blank 0.1 M 

PBS (pH = 7.4) were, respectively, four- (Figure 3.3-5a) and eight-times (Figure 3.3-7a) 

lower than that for the (SYN-Fc)-(MIP-1) film-coated electrode recorded in the 

NH4SCN presence.  However, the necessity of introducing an additional salt to the test 

solution is impractical in terms of label-free sensing of SYN.  Thus, studying the 

chemosensor based on the (SYN-Fc)-(MIP-1) film was abandoned.  Moreover, the 

sensitivity in terms of the relative change of the DPV peak of the (SYN-Fc)-(MIP-2) 
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film sensor to SYN was ~14 times higher than those for (SYN-Fc)-(MIP-1) and (SYN-

Fc)-(MIP-3) film-coated electrodes and ten times higher than that for the SYN-MIP film 

chemosensor in detail described in Section 3.2 above. 

Regrettably, the DPV peaks recorded at the (SYN-Fc)-(MIP-2) and (SYN-Fc)-

(MIP-3) film-coated electrode in the aqueous solution, blank 0.1 M PBS (pH = 7.4), 

were flattened and broadened (Figures 3.3-5a and 3.3-7a, respectively).  Those peaks 

originating from the ferrocene moiety redox probe immobilized in MIP films might be 

composed of two overlapping peaks, possibly suggesting the presence of two forms of 

ferrocene moieties in polymer films.  One might be localized near the MIP film-solution 

interface.  Thus, it could be easier electro-oxidized because of easier accessibility for 

counter ions of the test solution.  The other form might be immobilized deep inside the 

MIP film, hence less reachable for counter ions and, consequently, less prone to electro-

oxidation. 

3.3.3 Optimizing self-reporting MIP films' composition for determining  

p-synephrine in non-aqueous solutions 

3.3.3.1 Preliminary studies of the analytical performance of (SYN-Fc)-MIP film-

based chemosensors in acetonitrile solution 

The broadened and flattened DPV peaks recorded at Pt disk electrodes coated with 

(SYN-Fc)-MIP films in 0.1 M PBS (pH = 7.4) prompted us to study the analytical 

performance of the (SYN-Fc)-(MIP-1) and (SYN-Fc)-(MIP-2) film chemosensors in 

0.1 M (TBA)ClO4 in acetonitrile.  DPV peaks recorded in this hydrophobic supporting 

electrolyte were narrow and well-pronounced (Figures 3.3-8a and 3.3-8c), suggesting 

enhanced supporting electrolyte ions diffusion through the MIP film.  The DPV peak 

decreased with the SYN concentration increase from 2 to 75 nM in both cases.   

The (SYN-Fc)-(MIP-1) film-coated electrode response to SYN in 0.1 M (TBA)ClO4 in 

acetonitrile obeyed the linear regression equation of  (𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 =

 0.32 (±0.02) + 2.4×10−3 (±0.5×10−3) 𝑐SYN [nM] with the correlation coefficient, 

𝑅2 = 0.805 (Figure 3.3.8b), whereas the (SYN-Fc)-(MIP-2) film-coated electrode 

response to SYN in 0.1 M (TBA)ClO4 in acetonitrile was described by the equation 

of (𝐼DPV,0 − 𝐼DPV,s)/ 𝐼DPV,0 = 0.36 (±0.02) + 3.4×10−3 (±0.7×10−3) 𝑐SYN [nM] with the 

correlation coefficient, 𝑅2 = 0.834 (Figure 3.3.8d). 
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Figure 3.3-8.  DPV curves recorded at the 1-mm Pt disk electrode coated with (a) the 
(SYN-Fc)-(MIP-1) film and (c) the (SYN-Fc)-(MIP-2) film after SYN extraction from 
the polymer with 0.1 M NaOH in (curves 1 and 1') blank 0.1 M (TBA)ClO4 in 
acetonitrile and then after addition of SYN to reach the concentration of (curves 2 and 
2') 2.0, (curves 3 and 3') 3.8, (curves 4 and 4') 13.3, (curves 5 and 5') 22.6, (curves 6 
and 6') 31.7, and (curves 7 and 7') 75 nM.  (b and d) The calibration curves for the SYN 
analyte in 0.1 M (TBA)ClO4 in acetonitrile at the electrode coated with template-
extracted (b) (SYN-Fc)-(MIP-1) and (d) (SYN-Fc)-(MIP-2) films. 
 

3.3.3.2 Optimizing electropolymerization of (SYN-Fc)-(MIP-4) film deposition for 

SYN determining in the acetonitrile solution 

As the DPV peaks recorded at (SYN-Fc)-MIP film-coated electrodes in non-aqueous 

solution were well-pronounced, in contrast to broad DPV peaks for 0.1 M PBS 

(pH = 7.4), further experiments were performed for 0.1 M (TBA)ClO4 in acetonitrile.  

Moreover, the potentiodynamic electropolymerization conditions were carefully 

optimized because the (SYN-Fc)-MIP film thickness is essential for SYN 

determination.  Two issues were taken into account during film preparation.  On the one 

hand, synthesizing a thick MIP film results in more FcM moieties and more cavities in 

the polymer.  Thus, the current and capacity of the MIP film might increase with the 

polymer thickness increase.  On the other, however, thick MIP film signifies a larger 
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distance between the immobilized FcM moieties and interfaces of the MIP film-(test 

solution) and MIP film-(electrode surface).  Therefore, ion transport and electron 

transfer may be inhibited for a thicker film, decreasing the current.  Hence, the 1-decyl-

3-methylimidazolium bis(trifluoromethanesulfonyl)imide ionic liquid (4 in Scheme 3.3-

1a) was applied to prepare porous MIP film for balancing the two above effects.  For 

film thickness optimization, different potential ranges and numbers of potentiodynamic 

cycles for (SYN-Fc)-MIP film deposition were examined (Figure 3.3-9). 
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Figure 3.3-9.  Optimization of simultaneous potentiodynamic electropolymerization and 
deposition of the (SYN-Fc)-(MIP-4) film on the 1-mm diameter Pt disk electrode from the 
solution of 10 µM SYN, 30 µM FM 3, 100 µM Fc, 100 μM sodium thiophen-2-
ylmethanesulfonate, and 0.1 M (TBA)ClO4 in toluene, 1-decyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide ionic liquid, and acetonitrile at the 1 : 2.5 : 6.5, v : v : v 
ratio.  The electropolymerization potential range was 0 to (a) 1.30, (b) 1.20, and (c)–(f) 
1.10 V vs. Ag quasi-reference electrode within (c) 2, (a), (b), and (d) 3, (e) 5, and (f) 10 
current-potential cycles at a scan rate of 50 mV s−1. 
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After electropolymerization under different conditions, polymer film-coated 

electrodes were transferred to 0.1 M (TBA)ClO4 in acetonitrile, and then DPV peaks 

were recorded (Figure 3.3-10a).  Subsequently, SYN was extracted from the polymers 

with 10 mM Et3N in acetonitrile for 5 min.  Then, electrodes with deposited MIP films 

were again immersed in the 0.1 M (TBA)ClO4 acetonitrile solution (Figure 3.3-10b).  

The DPV peak was the highest for the MIP film deposited by applying three current-

potential cycles in the potential range of 0 to 1.10 V (curve 4 in Figure 3.3-10a).  

Moreover, the DPV signal after template extraction was the most pronounced for the 

same polymer film (curve 4' in Figure 3.3-10b). 
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Figure 3.3-10.  DPV curves for the deposited, according to electropolymerization 
procedures shown in Figures 3.3-9a–3.3-9f, MIP film-coated electrodes in 0.1 M 
(TBA)ClO4 in acetonitrile (a) before and (b) after SYN extraction with 10 mM Et3N in 
acetonitrile for 5 min.  The electropolymerization potential range for MIP films 
deposition was 0 to (curves 1 and 1') 1.30, (curves 2 and 2') 1.20, and (curves 3 and 3')–
( curves 6 and 6') 1.10 V vs. Ag quasi-reference electrode within (curves 3 and 3') 2, 
(curves 1 and 1'), (curves 2 and 2'), and (curves 4 and 4') 3, (curves 5 and 5') 5, and 
(curves 6 and 6') 10 current-potential cycles at a scan rate of 50 mV s−1. 
 

The (SYN-Fc)-(MIP-4) polymer prepared under these electropolymerization 

conditions was applied in a further study. 

Using the ionic liquid for the (SYN-Fc)-(MIP-4) preparation led to partial blocking 

of the electrode surface, and hence currents recorded during electropolymerization were 

slightly lower than those recorded during (SYN-Fc)-(MIP-2) film deposition.  

Nevertheless, DPV peaks recorded at the (SYN-Fc)-(MIP-4) film-coated electrode were 

better defined than those for the (SYN-Fc)-(MIP-2) film. 

Moreover, the immobilization of a compound providing sulfonyl groups as counter 

ions for ferrocene electro-oxidation was validated.  For that purpose, another polymer 

film, namely, the (SYN-Fc)-(MIP-5) film, was deposited under the 
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electropolymerization conditions same as for the (SYN-Fc)-(MIP-4) film but without 

sodium thiophen-2-ylmethanesulfonate (2 in Scheme 3.3-1a) in the pre-polymerization 

complex solution (Figure 3.3-11a). 

DPV peaks for the (SYN-Fc)-(MIP-5) film-coated electrode after SYN extraction 

were significantly lower than those for the (SYN-Fc)-(MIP-4) film-coated electrode 

with sulfonyl groups present inside the polymer (Figure 3.3-11b). 
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Figure 3.3-11.  (a) The multi-cyclic potentiodynamic curve for (SYN-Fc)-(MIP-5) film 
deposition on the 1-mm diameter Pt disk electrode from the solution of 10 µM SYN, 
30 µM FM 3, 100 µM Fc, 100 μM sodium thiophen-2-ylmethanesulfonate, and 
0.1 M (TBA)ClO4 in toluene, 1-decyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide ionic liquid, and acetonitrile of the 1 : 2.5 : 6.5, 
v : v : v ratio.  (b) DPV curves recorded at electrodes coated with (curves 1 and 1') 
(SYN-Fc)-(MIP-4) and (curves 2 and 2') (SYN-Fc)-(MIP-5) films (curves 1 and 2) 
before and (curves 1' and 2') after SYN extraction with 10 mM Et3N in acetonitrile for 
5 min. 
 

What is more, further measurements were performed using 0.1 M (TBA)ClO4 in 

acetonitrile because DPV peaks, recorded at the optimized (SYN-Fc)-(MIP-4) film-

coated electrode in 0.1 M PBS (pH = 7.4) during SYN determination, were still 

flattened and broadened (Figure 3.3-12). 

Furthermore, SYN extraction from (SYN-Fc)-(MIP-4) film was examined.  The 

DPV peaks for the ferrocene moiety in 0.1 M (TBA)ClO4 in acetonitrile were measured 

before and after SYN extraction using different extraction solutions.  The DPV peak 

decreased by 17.45 nA (40.7%) after SYN extraction with 0.1 M NaOH for 60 min 

(Figure 3.3-13a).  However, SYN extraction with 10 mM Et3N for 5 min decreased the 

DPV peak by 30.1 nA (25%) (Figure 3.3-13b).  So, both procedures were nearly equally 

efficient.  Nevertheless, the latter took only 5 min under milder conditions than the 

former, with 0.1 M NaOH.  Thus, 10 mM Et3N was used for further SYN extraction.  
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Moreover, SYN was extracted with 10 mM tetrabutylammonium hydroxide, (TBA)OH, 

in acetonitrile.  However, there was no DPV peak after SYN template extraction  

(Figure 3.3-13c).  Most likely, this extraction damaged the film.  Therefore, it was 

abandoned. 
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Figure 3.3-12.  The DPV curves recorded at the 1-mm Pt disk electrode coated with the 
SYN template-extracted (SYN-Fc)-(MIP-4) film in blank 0.1 M PBS (pH = 7.4) and 
then after the addition of SYN resulting in its concentration of (curve 2) 2.0, (curve 3) 
3.8, (curve 4) 13.3, (curve 5) 22.6, and (curve 6) 31.7 nM in the test solution. 
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Figure 3.3-13.  DPV curves recorded at the (SYN-Fc)-(MIP-4) film-coated Pt 
electrodes in 0.1 M (TBA)ClO4 in acetonitrile (curves 1, 1', and 1'') before and 
(curves 2, 2', and 2'') after SYN template extraction with (a) 0.1 M NaOH for 60 min, 
(b) 10 mM Et3N in acetonitrile for 5 min, and (c) 10 mM (TBA)OH in acetonitrile for 
5 min. 
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To verify the imprinting, a control polymer film, vis., Fc-(NIP-4), was prepared in 

the same manner as the (SYN-Fc)-(MIP-4) film but without the SYN template in the 

pre-polymerization complex solution. 

For a direct comparing all MIP film chemosensors prepared, their deposition 

conditions and analytical parameters are summarized in Table 3.3-1. 
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Table 3.3-1.  Deposition conditions and analytical parameters of synthesized MIP films. 

MIP film 

Deposition parameter DPV determined parameter 

Composition of pre-
polymerization 

complex solution 

Number of 
current-
potential 

cycles 

Potential 
range, V 
vs. quasi-
reference 
electrode 

Supporting 
electrolyte 

Sensitivity to 
SYN, nM-1 

LOD, 
nM 

(SYN-Fc)-
(MIP-1) 

10 µM SYN, 30 µM 
FM 3, 100 µM Fc, 

and 0.1 M 
(TBA)ClO4 in 

acetonitrile 

5 0 – 1.3 0.1 M PBS 
(pH = 7.4) 

0.1 M PBS 
(pH = 7.4) in the 

presence of 0.1 M 
NH4SCN 

0.1 M (TBA)ClO4 
in acetonitrile 

- - 

2.82×10−4 28.93 

2.37×10−3 19 

(SYN-Fc)-
(MIP-2) 

10 µM SYN, 30 µM 
FM 3, 100 µM Fc, 

100 µM sodium 
thiophen-2-

ylmethanesulfonate, 
and 0.1 M 

(TBA)ClO4 in 
acetonitrile 

5 0 – 1.3 0.1 M PBS 
(pH = 7.4) 

3.8×10−3 17.2 

0.1 M (TBA)ClO4 
in acetonitrile 

8.53×10−3 10.3 

(SYN-Fc)-
(MIP-3) 

10 µM SYN, 30 µM 
FM 3, 100 µM Fc, 

100 µM 
chromotropic acid 
disodium salt, and 

0.1 M (TBA)ClO4 in 
acetonitrile 

5 0 – 1.3 0.1 M PBS 
(pH = 7.4) 

2.64×10−4 30.25 

(SYN-Fc)-
(MIP-4) 

10 µM SYN, 30 µM 
FM 3, 100 µM Fc, 

100 µM sodium 
thiophen-2-

ylmethanesulfonate, 
and 0.1 M 

(TBA)ClO4 in the 
solution of toluene,  

1-decyl-3-
methylimidazolium 

bis(trifluoromethanes
ulfonyl)imide ionic 

liquid, and 
acetonitrile at the 

1 : 2.5 : 6.5, v : v : v 
ratio 

3 0 – 1.1 0.1 M (TBA)ClO4 
in acetonitrile 

 

3.99×10−2 0.57 

SYN-MIP 
described 
in Section 

3.2 

10 µM SYN, 30 µM 
FM 3, 300 µM CM 2, 

and 0.1 M 
(TBA)ClO4 in 

acetonitrile 

5 0 – 1.3 0.1 M PBS 
(pH=7.4) with 

0.1 M 
K4[Fe(CN)6] and 

0.1 M 
K3[Fe(CN)6] 

3.21×10−4 12.2 

http://rcin.org.pl



165 
 

3.3.4 Characterizing (SYN-Fc)-(MIP-4) and Fc-(NIP-4) films 

The optimized MIP film and corresponding control NIP film were characterized using 

AFM, XPS, PM-IRRAS, and EDX spectroscopy.  For that purpose, (SYN-Fc)-(MIP-4) 

and Fc-(NIP-4) films were deposited on the surface of Au-layered glass slides under 

potentiodynamic conditions, described in Section 3.3.3.2 above. 

PM-IRRAS measurements confirmed the successful deposition of (SYN-Fc)-(MIP-

4) and Fc-(NIP-4) films on the electrode surface (Figure 3.3-14).  Indeed, the band at 

~1800 cm−1 characteristic of C=O stretching vibration of the carboxyl group403 of the 

FM 3 functional monomer was visible in PM-IRRAS spectra for the (SYN-Fc)-(MIP-4) 

and Fc-(NIP-4) films.  The band at ~1100 cm−1 in the MIP and NIP film spectra is, 

presumably, the vibration band of perchlorate ions of the supporting electrolyte that 

remained in the polymers after their deposition on the electrode surface.  The band at 

~3100 cm−1 is an artifact originating from baseline correction of the spectrum for the 

(SYN-Fc)-(MIP-4) film. 
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Figure 3.3-14.  The PM-IRRAS spectra for (SYN-Fc)-(MIP-4) film recorded 
(spectrum 1) before and (spectrum 2) after SYN template extraction with 10 mM Et3N 
in acetonitrile for 5 min as well as (spectrum 3) for Fc-(NIP-4) film after treating with 
the same extraction solution for 5 min. 
 

The XPS measurement results for MIP and NIP films before and after SYN 

extraction with 10 mM Et3N in acetonitrile indicated low concentrations of iron atoms, 

ranging from 0.20 atomic % for Fc-(NIP-4) film to 1.68 Fe atomic % for the (SYN-Fc)-

(MIP-4) film (Tables 3.3-2 to 3.3-5).  Thus, MIP films were then studied with EDX 
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spectroscopy (Tables 3.3-6 to 3.3-9).  Atomic concentrations of iron, based on the Fe L 

line in the EDX spectra for MIP and NIP films, were substantially higher than those 

determined by XPS, ranging from 2.7 to 5.7 Fe atomic %.  These differences in the 

EDX spectroscopy and XPS results may, presumably, come from different locations of 

positively charged ferrocenium moieties in the polymers.  Supposedly, they were 

located deeply inside the polymer matrix instead of being exposed to the (polymer 

film)ǀ(hydrophobic solvent) interface during electropolymerization.  Therefore, their 

concentration in the polymer bulk might be much higher than that close to the surface, 

thereby barely detected by XPS. 

Moreover, concentrations of fluoride originating from the ionic liquid in MIP and 

NIP films were low.  Evidently, only a tiny ionic liquid amount was entrapped in the 

polymers during their deposition.  Presumably, the ionic liquid was rinsed out after 

electropolymerization, forming nanopores in the (SYN-Fc)-(MIP-4) and Fc-(NIP-4) 

films.  Therefore, additional ionic liquid removal from the deposited polymer was 

unnecessary. 

Table 3.3-2.  The XPS-determined surface elemental composition of the (SYN-Fc)-
(MIP-4) film before SYN template removal. 

Element Concentration, atomic % 

Na 1.03 
Fe 1.63 
F - 
O 25.35 
N 5.06 
C 63.35 
S 3.58 

Table 3.3-3.  The XPS-determined surface elemental composition of the (SYN-Fc)-
(MIP-4) film after SYN template extraction with 10 mM Et3N in acetonitrile for 5 min. 

Element Concentration, atomic % 

Na - 
Fe 1.68 
F 1.23 
O 25.35 
N 8.03 
C 59.51 
S 4.20 
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Table 3.3-4.  The XPS-determined surface elemental composition of the Fc-(NIP-4) 
film. 

Element Concentration, atomic % 

Na - 
Fe 0.23 
F 7.55 
O 9.49 
N 7.88 
C 71.20 
S 3.65 

Table 3.3-5.  The XPS-determined surface elemental composition of the Fc-(NIP-4) 
film after treatment with the extraction solution of 10 mM Et3N in acetonitrile for 
5 min. 

Element Concentration, atomic % 

Na 0.25 
Fe 0.20 
F 5.95 
O 11.52 
N 10.02 
C 68.89 
S 3.17 

Table 3.3-6.  The (EDX spectroscopy)-determined composition of the (SYN-Fc)-(MIP-
4) film before extracting the SYN template. 

Element Concentration, atomic % 

Fe 2.78 
O 10.5 
N 25.5 
C 61.15 

Table 3.3-7.  The (EDX spectroscopy)-determined composition of the (SYN-Fc)-(MIP-
4) film after SYN template extraction with 10 mM Et3N in acetonitrile for 5 min. 

Element Concentration, atomic % 

Fe 3.49 
O 10.1 
N 26.6 
C 59.8 
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Table 3.3-8.  The (EDX spectroscopy)-determined composition of the Fc-(NIP-4) film. 

Element Concentration, atomic % 

Fe 3.24 
O 11.1 
N 27.0 
C 58.7 

Table 3.3-9.  The (EDX spectroscopy)-determined composition of the Fc-(NIP-4) film 
after treatment with the extraction solution of 10 mM Et3N in acetonitrile for 5 min 

Element Concentration, atomic % 

Fe 5.26 
O 10.1 
N 25.8 
C 58.8 

 

The results of AFM imaging of the (SYN-Fc)-(MIP-4) film and the control Fc-

(NIP-4) film confirmed the EDX spectroscopy and XPS results (Figure 3.3-15 and 

Table 3.3-10).  Moreover, the film morphology before and after treatment with the 

extraction solution was thus compared.  All films contained flattened, round grains 

much bigger than the Au support grains (Table 3.3-10).  Moreover, numerous pores 

with 150 to 200 nm diameters were randomly located in the (SYN-Fc)-(MIP-4) and Fc-

(NIP-4) films (Figures 3.3-15a and 3.3-15c).  Extraction of the SYN template from the 

MIP resulted in the shrinking of some polymer pores (Figures 3.3-15b and 3.3-15d).  

Nevertheless, most of them stayed intact.  The AFM determined (SYN-Fc)-(MIP-4) 

film thickness and roughness before SYN extraction was 22 (6) nm and 

10.2 (0.7) nm, respectively, whereas the thickness and roughness of the (SYN-Fc)-

(MIP-4) film after SYN extraction were 27 (7) nm and 5 (1) nm, respectively.  

Moreover, the thickness and roughness of the Fc-(NIP-4) film before treatment with the 

extraction solution were estimated as 23 (6) nm and 8.8 (0.2) nm, respectively, 

whereas thickness and roughness after the treatment were 21 (5) nm and 4 (2) nm, 

respectively. 

Furthermore, the nanomechanical properties of the polymer films were examined 

with AFM.  The results indicated the average hardness of the (SYN-Fc)-(MIP-4) and 

Fc-(NIP-4) films with the Young modulus of a few GPa and tip-sample adhesion of 
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several nN.  Interestingly, SYN extraction led to a substantial increase in Young 

modulus and adhesion parameters of MIP and NIP films, suggesting the formation of 

rigid polymers.  Moreover, Young modulus and adhesion values assessed for the (SYN-

Fc)-(MIP-2) film were close to those for the (SYN-Fc)-(MIP-4) and Fc-(NIP-4) films 

after treating with the extraction solution.  All AFM-determined nanomechanical 

properties of the films are summarized in Table 3.3-10. 

 

 
Figure 3.3-15.  The (5.0 × 5.0) µm2 AFM images of (a) and (b) (SYN-Fc)-(MIP-4) and 
(c) and (d) Fc-(NIP-4) films imaged (a) and (c) before, as well as after (b) SYN 
template extraction, and (d) treating with 10 mM Et3N in acetonitrile for 5 min. 
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Table 3.3-10.  The AFM-determined nanomechanical properties of polymer films 
deposited on gold-layered glass slides. 

Sample Thickness, 
nm 

Roughness 
(Ra), nm 

Average 
grain size, 

nm 

Young 
modulus, 

GPa 

Adhesion, 
nN 

(SYN-Fc)-(MIP-4) 
as prepared 

22  6 10.2  0.7 73 9  1 9  5 

(SYN-Fc)-(MIP-4) 
after SYN 
extraction  

27  7 5  1 91 35  2 72  23 

Fc-(NIP-4) as 
prepared 

23  6 8.8  0.2 88 4  1 8  4 

Fc-(NIP-4) after 
treatment with 
extraction solution 

21  5 4  2 100 73  16 109  41 

Uncoated Au 
support 

- 1.36  0.07 42 - - 

 

3.3.5 Analysis of the electrochemical response mechanism of the self-reporting 

chemosensor with the (SYN-Fc)-(MIP-4) film 

The EIS experiments in the frequency range of 10 MHz to 100 mHz at E = 0.20 V vs. 

Ag quasi-reference electrode were performed for the (SYN-Fc)-(MIP-4) film-coated 

electrode in 0.1 M (TBA)ClO4 in acetonitrile before and after SYN template extraction 

to examine in detail the mechanism of the chemosensor response.  Interestingly, instead 

of the expected Nyquist plots in the form of semicircles representing charge transfer 

resistance,258 plots with shapes characteristic of diffusion in thin films with mixed 

reflecting-absorbing boundary at predomination of the reflecting boundary408 were 

recorded (Figure 3.3-16a).  These results suggest electron transport through intrinsically 

conducting polymer film409 and/or ion diffusion through the porous, semiconductive 

film.410-411  Nyquist plots recorded before and after SYN extraction were comparable.  

However, a substantial difference was in the low-frequency range in the Bode plots 

(Figure 3.3-16b).  A slight "kink-like" feature below ~1 Hz was observed on the curve 

of the logarithm of impedance modulus vs. the logarithm of the frequency for the 

electrode coated with the (SYN-Fc)-(MIP-4) film before SYN extraction (black dashed 

curve 1" in Figure 3.3-16b).  Moreover, a peak at 1 Hz was seen on the plot of the phase 

angle vs. the logarithm of the frequency (black curve 1' in Figure 3.3-16b), 
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substantiating that the prepared MIP film was porous.412  Furthermore, SYN extraction 

from the MIP resulted in a peak shift to lower frequencies (red curve 2' 

 in Figure 3.3-16b).  This shift indicates a decrease in pore density in harmony with the 

AFM results.  
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Figure 3.3-16.  The EIS (a) Nyquist and (b) Bode plots recorded at the (SYN-Fc)-(MIP-
4) film-coated electrode in 0.1 M (TBA)ClO4 in acetonitrile (curves 1, 1', and 1") before 
and (curves 2, 2', and 2") after SYN template extraction from the polymer film. 
 

Notably, the decrease in the phase angle peak and its further shift to lower 

frequencies with the SYN concentration increase (Figure 3.3-17) demonstrate that the 

(SYN-Fc)-(MIP-4) cavities bound SYN molecules, leading to the film porosity 

decrease. 
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Figure 3.3-17.  The EIS phase angle dependence on the logarithm of frequency 
recorded at the 1-mm diameter Pt disk electrode coated with the (SYN template)-
extracted (SYN-Fc)-(MIP-4) film (curve 1) in 0.1 M (TBA)ClO4 in acetonitrile and 
after the SYN addition to reaching the concentration of (curve 2) 2.0, (curve 3) 3.8, 
(curve 4) 13.3, (curve 5) 22.6, (curve 6) 31.7, (curve 7) 75 nM in the test solution. 
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Moreover, the (SYN-Fc)-(MIP-4) film was examined by PM at EQCM.  First, the 

polymer was deposited on the gold film electrode of the QCR under optimized 

conditions described in Section 3.3.3.2 above.  The current of electro-oxidation and 

electroreduction of the ferrocene moiety was recorded in the potential range of 0.20 to 

0.60 V vs. Ag quasi-reference electrode, simultaneously with the resonance frequency 

and dynamic resistance with the potential change.  However, the signal-to-noise ratio 

was low, and resonance frequency changes were irreproducible (data not shown). 

Therefore, the conditions were optimized for MIP film deposition on the gold film 

electrode of the QCR from the pre-polymerization complex solution of 100 µM SYN, 

300 µM FM 3, 1 mM Fc, 1 mM sodium thiophen-2-ylmethanesulfonate, and 0.1 M 

(TBA)ClO4 in toluene, the 1-decyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ionic liquid, and acetonitrile at the volume ratio of 

1 : 2.5 : 6.5 (Figure 3.3-18).  One potentiodynamic cycle in the potential range of 0 to 

1.20 V vs. Ag quasi-reference electrode sufficed for this deposition.  Moreover, 

(TEA)ClO4 instead of (TBA)ClO4 was employed as the supporting electrolyte because 

tetraethylammonium (TEA) cations are smaller and, therefore, more mobile than 

tetrabutylammonium (TBA) cations.  These new conditions resulted in substantial 

changes in current and resonant frequency associated with electro-oxidation and 

subsequent electroreduction of the ferrocene moiety in the polymer film (curves 1 and 1' 

in Figures 3.3-19a and 3.3-19b, respectively). 

Small anodic-to-cathodic peak separation for the ferrocene moiety (curve 1  

in Figure 3.19a) signifies the occurrence of a thin-layer electrochemical process.  

According to the Sauerbrey equation (Equation 2.3-34 in Section 2.3.4), the 37.82 μg 

mass of the polymer was deposited during the electropolymerization.  Then, the current, 

in the potential range of 0.20 to 0.60 V vs. Ag quasi-reference electrode of 

potentiodynamic electropolymerization, was integrated, resulting in 1.11 nmol of the 

ferrocene moiety deposited, calculated using Faraday's law.  The charge passed during 

this moiety electro-oxidation recorded at the electrode of QCR coated with the 

optimized (SYN-Fc)-(MIP-4') film was 42.77 μC, indicating that 0.44 nmol of 

positively charged ferrocene moiety was generated.  Thus, 40% of the moieties were 

electro-oxidized, which accounted for the electrochemical response of the chemosensor.  

Since the dynamic resistance changed only slightly during potential cycling  

(Figure 3.3-19c), suggesting that the polymer film rigidity was not altered,  

http://rcin.org.pl



173 
 

the Sauerbrey equation was used to calculate the MIP film mass change after ferrocene 

moiety electro-oxidation. 
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Figure 3.3-18.  Simultaneously recorded curves of the potential dependence of 
(a) current, (b) the resonant frequency change, and (c) the dynamic resistance change 
for potentiodynamic electropolymerization from the solution of 100 µM SYN, 300 µM 
FM 3, 1 mM Fc, 1 mM sodium thiophen-2-ylmethanesulfonate, and 0.1 M (TBA)ClO4 
in toluene, the 1-decyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ionic 
liquid and acetonitrile of the 1 : 2.5 : 6.5 (v : v : v) ratio on a 10-MHz Au-QCR. 
 

The 20.6 (±0.8) Hz resonance frequency decrease after the ferrocene moiety 

electro-oxidation (curve 1' in Figure 3.3-19b), signifying an increase in MIP film's mass 

by 1.79 ng, indicated a mechanism different than that expected.  This polymer mass 

increase may imply that 18 picomoles of perchlorate of the supporting electrolyte 

entered the MIP film during ferrocene moiety electro-oxidation.  However, this number 

of moles is significantly lower than that of the ferrocene moiety electro-oxidized, 

suggesting that perchlorate counter-ions may ingress the polymer, whereas cation co-
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ions may simultaneously egress.  Nevertheless, the perchlorate ions ingress slightly 

prevailed.  Then, the resonant frequency increased during the return scan, ending at a 

level of 6.5 Hz lower than that original (curve 1' in Figure 3.3-19b).  These results 

meant the entrapment of 5.69 picomoles of perchlorate in the polymer. 

Moreover, the CV curve was flattened after adding the SYN sample to the test 

solution to reach 40 nM of its concentration (curve 2 in Figure 3.3-19a).  Although the 

faradaic current was not pronounced at the potential of the ferrocene moiety electro-

oxidation, the resonant frequency increased in this potential range (curve 2' in Figure 

3.3-19b), indicating electroactivity of a tiny amount of the ferrocene moiety.  In that 

case, only cations were expelled from the film, leading to its mass drop.  These results 

might imply that mainly perchlorate diffusion from the solution into the polymer was 

affected by SYN sorption by the MIP. 

Figure 3.3-19.  Simultaneously recorded curves of (a) current, (b) the resonant frequency 
change, and (c) the dynamic resistance change vs. potential for the Au electrode of QCR 
coated with the optimized (SYN-Fc)-(MIP-4') film in 0.1 M (TEA)ClO4 in acetonitrile 
(curves 1, 1', and 2'') in the SYN-free solution and (curves 2, 2', and 2'') in 40 nM SYN. 
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Furthermore, the (SYN-Fc)-(MIP-4') film chemosensor operation mechanism was 

studied using SPR spectroscopy.  The polymer film was deposited on the Au-SPR chip 

like that optimized for PM at EQCM measurements.  Moreover, current and SPR signal 

changes were simultaneously recorded during MIP film deposition (Figure 3.3-20) and 

subsequent CV measurements (Figure 3.3-21). 
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Figure 3.3-20.  (a) The potentiodynamic curve and (b) the change in the SPR angle with 
time during electropolymerization leading to deposition of the (SYN-Fc)-(MIP-4) film 
on an SPR chip from the 100 µM SYN, 300 µM FM 3, 1 mM Fc, 1 mM sodium 
thiophen-2-ylmethanesulfonate, and 0.1 M (TBA)ClO4 solution of toluene, 1-decyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide ionic liquid, and acetonitrile of 
the 1 : 2.5 : 6.5 (v : v : v) ratio on a 10-MHz Au-QCR. 
 

Importantly, well-pronounced peaks of the ferrocene moiety were visible in cyclic 

voltammograms at the SPR chip coated with the (SYN-Fc)-(MIP-4') polymer (curve 1 

in Figure 3.3-21a) together with an increase in the SPR angle due to ferrocene moiety 

electro-oxidation in each consecutive cycle (curve 1' in Figure 3.3-21b).  After each 

cycle, the SPR signal returned to its baseline level.  The SPR peaks' heights ranged from 

220 to 250 m°.  Those signal changes may originate from MIP film swelling and 

shrinking, as well as the changes in its electric permittivity caused by both ferrocenium 

ions' formation and accompanying counter-ions ingress from the solution to the film and 

co-ions egress from the film to the solution.  Afterward, the SYN sample was added to 

the solution, substantially decreasing the faradaic current (curve 2 in Figure 3.3-21a).  

The SPR peaks were still detectable; however, their heights decreased twice compared 

to those recorded without SYN (curve 2 in Figure 3.3-21b).  The SPR results 

corresponded to those of PM experiments. 
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Figure 3.3-21.  The simultaneously recorded (a) multi-cyclic CV curve and (b) SPR 
angle change with time at the Au-SPR chip coated with the (SYN template)-extracted 
(SYN-Fc)-(MIP-4) film in 0.1 M (TBA)ClO4 in acetonitrile (curves 1 and 1') in the 
SYN-free solution and (curves 2 and 2') in 40 nM SYN. 
 

Furthermore, CV curves were recorded at scan rates between 10 and 100 mV s−1 at 

the (SYN-Fc)-(MIP-4) film-coated electrode (Figure 3.3-22a) to reveal the dependence 

of ferrocene peak currents on the scan rate applied.  The logarithms of the current of 

anodic and cathodic peaks linearly increased with the increase of the logarithm of the 

potential scan rate (Figure 3.3-22b). 
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Figure 3.3-22.  (a) Cyclic voltammograms for the 1-mm diameter Pt disk electrode 
coated with the template-extracted (SYN-Fc)-(MIP-4) film in 0.1 M (TBA)ClO4 in 
acetonitrile at the potential scan rate of (curve 1) 10, (curve 2) 25, (curve 3) 50, 
(curve 4) 75, and (curve 5) 100 mV s−1.  (b) The logarithm of the peak current 
dependence on the logarithm of the potential scan rate for the (curve 1') cathodic and 
(curve 2') anodic peak current. 

 

If the slope of the relationship between the logarithm of the ferrocene anodic peak 

and the logarithm of the potential scan rate were 0.5, it would indicate that the rate of 

semi-infinite diffusion controlled the overall process rate.413  However, if the calculated 

slope were 1.0, it would indicate that the finite diffusion rate governed the process rate.  
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The latter behavior is typical for (electrode surface)-confined redox species.  In the 

studied system, the calibration curve constructed for the anodic process obeyed the 

linear regression equation of  log[𝐼pa, nA] = 1.41 (±0.04) + 0.66 (±0.03) log [𝜈, V s−1] 

with the correlation coefficient of 𝑅2 = 0.991.  In contrast, the calibration plot 

constructed for the cathodic process was described by the linear regression equation of 

 log  [𝐼pc, nA] = 2.04 (±0.07) + 1.01 (±0.05) log [𝜈,V s−1] with the correlation 

coefficient of 𝑅2 = 0.991.  Both equations include 𝐼pa and 𝐼pc as the CV current of the 

anodic and cathodic peaks, respectively, and v, which stands for the potential scan rate. 

The obtained CV-SPR results agree well with those of PM experiments.  Namely, 

electro-oxidation of the ferrocene moiety led to the perchlorate ions ingress from the 

solution to the polymer film to compensate positive charge generated on the ferrocene 

moiety.  However, the MIP film mass increase was too low to balance this effect.  

Hence, the cation was presumably simultaneously released from the MIP to the 

solution.  Therefore, a mixed mechanism controlling the diffusion was most likely 

responsible for the resulting plot's slope of 0.66.  However, finite diffusion during the 

ferrocene moiety electroreduction, manifested by the 1.01 slope of the constructed plot, 

indicated that perchlorate was mainly expelled from the (SYN-Fc)-(MIP-4) film during 

potential backward scanning. 

3.3.6 Analytical performance of the self-reporting (SYN-Fc)-(MIP-4) film 

sensor in the p-synephrine determination 

(SYN-Fc)-(MIP-4) film-coated electrodes were used for the DPV determination of SYN 

in 0.1 M (TBA)ClO4 in acetonitrile.  The recorded DPV peak decreased with the SYN 

analyte concentration increase (Figure 3.3-23a).  The Langmuir-Freundlich isotherm 

was fitted to the chemosensor DPV vs. SYN concentration in the 2.0 to 75 nM range 

(Equation 3.3.1). 

 

Δ𝐼 =  Δ𝐼max
𝐾S 𝑐SYN

𝑛′

(1+ 𝐾S 𝑐SYN
𝑛′

)
                                   (Equation 3.3.1) 

 

In this relationship, Δ𝐼 describes a relative change in the DPV peak 

[Δ𝐼 =  (𝐼DPV,0 −  𝐼DPV,s)/ 𝐼DPV,0], Δ𝐼max is a maximal relative change in the DPV peak, 

𝐾S stands for the stability constant of the imprinted cavity complex with the SYN 
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molecule, whereas 𝑐SYN and n’ is the concentration of SYN and the homogeneity factor, 

respectively. 

The Langmuir-Freundlich isotherms were applied to describe the dependence of 

(SYN-Fc)-(MIP-4) film chemosensor DPV peak on the concentration of interfering 

compounds and SYN analyte at the control Fc-(NIP-4) film-coated electrode 

(Figure 3.3-23b). 
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Figure 3.3-23.  (a) DPV curves recorded at the 1-mm diameter Pt disk electrode coated 
with the (SYN-Fc)-(MIP-4) film in 0.1 M (TBA)ClO4 in acetonitrile (curve 1) after 
template extraction with 10 mM Et3N in acetonitrile for 5 min, and then after 
subsequent SYN addition, resulting in its concentration of (curve 2) 2.0, (curve 3) 3.8, 
(curve 4) 13.3, (curve 5) 22.6, (curve 6) 31.7, and (curve 7) 75 nM.  (b) Langmuir-
Freundlich isotherm fitting and (c) calibration plots for (curves 1'' and 3'') SYN analyte, 
(curve 2'') penicillin G, (curve 4'') glucose, (curve 5'') tyramine, and (curve 6'') urea at 
(curves 1'', 2'', 4''–6'') the (SYN-Fc)-(MIP-4) film- and (curve 3'') the Fc-(NIP-4) film-
coated Pt disk electrode. 
 

All isotherms' parameters determined for the SYN analyte and interferences are 

summarized in Table 3.3-11.  The apparent IF calculated as the ratio of the slope of the 

calibration plot for SYN, constructed for the electrode coated with the MIP, and NIP 

films, was 1.9.  The selectivity for tested interferences, namely, penicillin G, glucose, 
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tyramine, and urea, calculated as ratios of slopes of the calibration plot for the SYN 

analyte to that for a given interference at the (SYN-Fc)-(MIP-4) film-coated electrode, 

was 2.9, 3.3, 3.8, and 11.8, respectively. 

Table 3.3-11.  Parameters of Langmuir-Freundlich isotherms obtained from DPV 
measurements for the Pt disk electrodes coated with the (SYN-Fc)-(MIP-4) film. 

Analyte/Interference 𝚫𝑰𝐦𝐚𝐱 𝑲𝐒, nM−1 𝒏′ 

p-Synephrine 1.4 ± 0.5 0.02 ± 0.03 0.42 ± 0.06 
Penicillin G 0.49 ± 0.03 0.15 ± 0.03 0.9 ± 0.2 

Glucose 0.42 ± 0.05 0.14 ± 0.05 0.9 ± 0.2 

Tyramine 0.4 ± 0.1 0.1 ± 0.2 0.5 ± 0.2 

Urea 0.12 ± 0.01 0.27 ± 0.08 1.4 ± 0.4 
p-Synephrine at the Fc-
(NIP-4) film-coated 
electrode 

0.8 ± 0.2 0.02 ± 0.02 0.63 ± 0.08 

 

Since linear fitting allows for easy comparison of different calibration plots' 

parameters, linear fitting is more convenient than isotherm fitting.  Hence, the SYN 

analyte and interferences were determined with DPV in the pseudo-linear part of the 

Langmuir-Freundlich isotherms, namely in a low concentration range of 0.2 to 8.8 nM 

(Figure 3.3-23c).  The calibration plot for SYN obeyed the linear regression equation  

of (𝐼DPV,0 −  𝐼DPV,s)/ 𝐼DPV,0 = 0.130 (±008) + 4.0×10−2 (±0.2×10−2) 𝑐SYN [nM].   

The correlation coefficient, 𝑅2, was 0.982, and the LOD was 0.57 nM at the 𝑆/𝑁 = 3.   

The calculated apparent IF was 2.16.  Moreover, the selectivity for glucose, penicillin 

G, urea, and tyramine was 2.16, 2.22, 3.34, and 4.06, respectively.  These results 

correspond to those obtained from Langmuir-Freundlich isotherm fitting.  Notably, the 

devised self-reporting chemosensor analytical parameters, namely, sensitivity and LOD, 

were superior to those determined for the SYN-MIP film chemosensor prepared without 

the immobilized redox probe (described in Section 3.2 above).  The sensitivity of the 

chemosensor with the (SYN-Fc)-(MIP-4) film was 125 times higher, while selectivity 

and IF were slightly lower than those for the mentioned above SYN-MIP film 

chemosensor. 

Additionally, semi-logarithmic calibration plots were constructed for SYN and 

interferences (Figure 3.3-24) to cover a broader concentration range.  The linear 
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dynamic concentration range of 2.0 to 75 nM SYN was characterized by the equation  

of the semi-logarithmic calibration curve of 

(𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 = 0.17 (±3.23×10−2) + 0.32 (±2.87×10−2) log [𝑐SYN, nM].    

The correlation coefficient, 𝑅2, was 0.968, and the LOD was 0.27 nM at 𝑆/𝑁 = 3.   

The calculated apparent IF was 1.48, while the selectivity for glucose, penicillin G, 

tyramine, and urea were 1.68, 1.7, 3.25, and 4.51, respectively. 
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Figure 3.3-24.  Calibration plots for (curves 1 and 2) SYN, (curve 3) penicillin G, 
(curve 4) glucose, (curve 5) tyramine, and (curve 6) urea recorded at (curves 1, 3 - 6) 
the (SYN-Fc)-(MIP-4) film- and (curve 2) the Fc-(NIP-4) film-coated Pt disk electrode 
in 0.1 M (TBA)ClO4 in acetonitrile. 
 

Afterward, the stability of the (SYN-Fc)-(MIP-4) film-coated electrodes was 

studied (Figures 3.3-25a and 3.3-25b).  For that, the chemosensor's response for 

31.9 nM SYN in 0.1 M (TBA)ClO4 in acetonitrile was monitored within 98 days.  

Nearly there were no changes in chemosensor signals for SYN within the first month 

(Figure 3.3-25a).  Moreover, the relative difference in current recorded at the (SYN-Fc)-

(MIP-4) film-coated electrode for 31.9 nM SYN after three months decreased merely to 

~90% of that recorded on the first day (Figure 3.3-25b).  Thus, after subsequent 

calibration, the chemosensor may still be used for SYN determination. 
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Figure 3.3-25.  Histograms of the (SYN-Fc)-(MIP-4) film-coated Pt disk electrode 
DPV responses to 31.9 nM SYN in 0.1 M (TBA)ClO4 in acetonitrile within (a) 3 days 
and (b) 98 days. 
 

Furthermore, three electrodes, each coated with (SYN-Fc)-(MIP-4) film, prepared 

from three pre-polymerization complex solutions, were used to examine the 

reproducibility of the self-reporting chemosensor (Figure 3.3-26).  No significant 

changes in the relative current difference were observed for the 4.48 nM SYN in 0.1 M 

(TBA)ClO4 in acetonitrile.  The standard deviation of the three DPV electrodes' 

responses to 4.48 nM SYN was 5.45%. 
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Figure 3.3-26.  Histograms of DPV responses to 4.48 nM SYN of three different Pt 
disk electrodes, coated with the (SYN-Fc)-(MIP-4) films, in 0.1 M (TBA)ClO4 in 
acetonitrile. 
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3.3.7 p-Synephrine DPV determining in real samples using self-reporting MIP 

chemosensor  

Finally, SYN was determined in tablets of SYNEPHRINE EXTREME to check the 

applicability of the chemosensor featuring the (SYN-Fc)-(MIP-4) film in experiments 

involving real samples.  The real sample preparation procedure was described in detail 

in Section 2.2.1.13 above.  Afterward, electrochemical measurements were performed.  

A DPV curve was recorded at the (SYN-Fc)-(MIP-4) film-coated electrode in 0.1 M 

(TBA)ClO4 in acetonitrile.  Subsequently, the examined solution was spiked with real 

samples of the prepared stock solution of known SYN concentration to reach SYN 

concentration ranging from 0.66 to 10.12 nM.  Then, DPV curves were recorded after 

each SYN sample injection.  The results of real sample experiments are summarized in 

Table 3.3-12.  The recovery, calculated by applying the linear calibration plot (curve 1'' 

in Figure 3.3-23c), was acceptable, signifying that the (SYN-Fc)-(MIP-4) film 

containing chemosensor is a promising tool for SYN determination in real samples. 

Table 3.3-12.  SYN determination in tablets of the SYNEPHRINE EXTREME dietary 
supplement. 

Sample 
No. 

Known SYN 
concentration, 

nM 

Relative change 
of DPV peak 

current 
(st.dev.)a 

Determined 
concentration 

of SYN 
(st.dev.), nM 

Recovery 
(st.dev.), % 

1 0.66 0.16  0.02 0.8  0.4 102  55 
2 1.64 0.20  0.02 1.8  0.4 112  25 

3 3.54 0.26  0.02 3.2  0.5 90  14 

4 4.48 0.32  0.02 4.6  0.4 103  9 

5 6.96 0.386  0.004 6.4  0.1 91  2 

6 8.76 0.44  0.02 7.7  0.4 88  5 
7 10.12 0.49  0.02 9.0  0.5 89  5 
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3.4 Electrochemical chemosensors with MIP NPs for 

selective determining of glyphosate  

This section focuses on preparing and characterizing the (MIP NPs)-containing 

chemosensors selective for glyphosate (GLY). 

3.4.1 Selecting the most appropriate monomers for glyphosate imprinting  

Choosing appropriate functional and cross-linking monomers is crucial for GLY-MIP 

NPs preparation.  Therefore, computational calculations were performed to select these 

monomers.  Since methacrylate-based monomers are preferable for polymerization 

triggered by UV light, these monomers were chosen for nanoparticle synthesis.  Sybyl 

calculations showed that the most promising Gibbs free energy changes due to GLY 

complexation are for EGMP, AAm, and ITA, namely, −77.0, −60.10, and 

−34.60 kJ mol−1, respectively (Scheme 3.4-1).  Thus, these functional monomers may 

form the most stable pre-polymerization complexes with the GLY template.  

Importantly, the solvation effects and interactions at pH = 7.45 were considered during 

calculations. 

 

 

Scheme 3.4-1.  The structure of the GLY complex with EGMP and AAm optimized by 
Sybyl calculations. 
 

After the initial screening of suitable monomers, computational DFT modeling at 

the B3LYP/6-31G(d) level of complex formation was performed to investigate the 

interaction between the GLY molecule and functional monomers' molecules further.  

The highest negative gain of Gibbs free energy change was for seven functional 
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monomers.  These monomers can form stable complexes with the GLY template.  

Therefore, they were chosen for GLY-MIP NPs synthesis (Schemes 3.4-2 to 3.4-7). 

 

 

 

 

Scheme 3.4-2.  The DFT-optimized structures of the complexes of GLY with ITA. 
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Scheme 3.4-3.  The DFT-optimized structures of the complexes of GLY with AAm. 
 

 

Scheme 3.4-4.  The DFT-optimized structures of the complexes of GLY with EGMP. 
 

 

Scheme 3.4-5.  The DFT-optimized structure of the complex of GLY with AU. 

http://rcin.org.pl



186 
 

 

Scheme 3.4-6.  The DFT-optimized structures of the complexes of GLY with MAA. 
 

 

Scheme 3.4-7.  The DFT-optimized structure of the complex of GLY with the SQ6 
monomer. 
 

On this ground, different monomers were chosen for testing in the subsequent 

laboratory experiments. 

3.4.2 Preparing MIP NPs for chemosensor fabrication  

Four formulations of MIP NPs were prepared, as described in Section 2.2.2.2 above. 

UV-triggered polymerization in an organic solvent solution usually involves the 

application of MAA for MIP preparation.  Therefore, prevailingly methacrylate-based 

monomers were used for the present MIP NPs synthesis.  Moreover, these monomers 

mainly bear either carboxyl groups, as ITA and MAA, or amine groups, as AAm and 

AU, providing hydrogen bonds with GLY functional groups.  Furthermore, in a polar 

aprotic solvent solution used for polymerization, deprotonated, negatively charged 

carboxyl groups and protonated, positively charged amine groups of chosen functional 

monomers might electrostatically interact with a protonated amine group, and a 

deprotonated phosphonic group of the GLY zwitterion.  The selected squaramide-based 
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monomer provides superior hydrogen-bond donor ability and acidity.352, 414-415  Finally, 

a ferrocene derivative was applied for polymerization, serving as the internal redox 

probe generating an electrochemical signal. 

3.4.3 Characterizing the synthesized MIP NPs  

The MIP NPs prepared were characterized by DLS, UV-vis spectroscopy, XPS, and 

SEM.  Moreover, the MIP NPs-1 and MIP NPs-2 were imaged with TEM. 

3.4.3.1 DLS analysis of MIP NPs 

The size of MIP NPs was determined using DLS.  The DLS measurements revealed an 

average particle size of MIP NPs-1, MIP NPs-2, MIP NPs-3, and MIP NPs-4, equal to 

211 (±12), 413 (±28), 218 (±1), and 253 (±20) nm, respectively.  The PdI values of MIP 

NPs-1, MIP NPs-3, and MIP NPs-4 were acceptably low, suggesting uniform 

distributions of prepared MIP NPs' hydrodynamic diameters, while PdI value above 0.4 

for MIP NPs-2 might imply a broad size distribution of NPs synthesized.416  Values 

obtained from the DLS analysis are summarized in Table 3.4-1. 

Table 3.4-1.  The size of synthesized MIP NPs after dialysis and their polydispersity 
index (PdI) determined by Z-average. 

MIP NPs sample No. MIP NPs size 
(st.dev.), nm 

Polydispersity index 
(PdIst.dev.) 

1 211 ± 12 0.31 ± 0.02 
2 413 ± 28 0.49 ± 0.04 

3 218 ± 1 0.29 ± 0.02 

4 254 ± 20 0.34 ± 0.02 

 

3.4.3.2 SEM imaging of MIP NPs 

The size and morphology of all MIP NPs samples were determined by SEM imaging. 

Samples' SEM images revealed quite regular, spherical MIP NPs drop-cast on the 

bare surface of the Au-glass slide electrodes (Figure 3.4-1).  The nanoparticles' average 

size assessed by SEM for MIP NPs-1, MIP NPs-2, MIP NPs-3, and MIP NPs-4 was 

139 (±4), 181 (± 7), 202 (±23), and 282 (±13) nm, respectively (Figures 3.4-2 to 3.4.5).  

MIP NPs sizes determined by DLS and assessed by SEM differ because the former 
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technique measures the hydrodynamic particle diameter.  Hence, solvation effects will 

likely increase the particles' apparent size for the former.417  Moreover, aggregates  

of particles might be formed in the solution.418  Furthermore, polystyrene cuvettes used 

in DLS measurements might be slightly dissolved by ethanol resulting in Z-average 

sizes of nanoparticles bigger than those obtained from the SEM analysis. 

 

     
Figure 3.4-1.  SEM images of the bare surface of the Au-layered glass slide electrode at 
different magnifications. 
 

     
Figure 3.4-2.   SEM images of MIP NPs-1, drop-cast on the Au-layered glass slide 
electrode, at different magnifications. 
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Figure 3.4-3.  SEM images of MIP NPs-2, drop-cast on the Au-layered glass slide 
electrode, at different magnifications. 
 

     
Figure 3.4-4.  SEM images of MIP NPs-3, drop-cast on the Au-layered glass slide 
electrode, at different magnifications. 
 

     
Figure 3.4-5.  SEM images of MIP NPs-4, drop-cast on the Au-glass slide electrode, at 
different magnifications. 
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Figure 3.4-6.  SEM image of the bare surface of the screen-printed Pt electrode 
(SPPtE). 
 

      

 
Figure 3.4-7.  SEM images of MIP NPs-1, immobilized on the surface of the screen-
printed Pt electrode (SPPtE), at different magnifications. 
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Figure 3.4-8.  SEM images of MIP NPs-2, immobilized on the screen-printed Pt 
electrode (SPPtE), at different magnifications. 
 

     
Figure 3.4-9.  SEM images of MIP NPs-3, immobilized on the screen-printed platinum 
electrode (SPPtE), at different magnifications. 
 

     
Figure 3.4-10.  SEM images of MIP NPs-4, immobilized on the screen-printed 
platinum electrode (SPPtE), at different magnifications. 
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Moreover, SPPtEs modified with MIP NPs were SEM images to verify MIP NPs' 

immobilization on the electrode surface.  SEM analysis revealed the presence of MIP 

NPs on the surface of electrodes (Figures 3.4-7 to 3.4-10), whereas these NPs were 

absent on the surface of the bare SPPtE (Figure 3.4-6).  SEM images of SPPtE coated 

with MIP NPs-1 showed a disadvantageously low quantity of immobilized MIP 

(Figure 3.4-7).  Nevertheless, the EDX spectroscopy analysis confirmed that the Fe 

atom presence originated from the component of the pre-polymerization complex 

mixtures, the ferrocene derivative, on the surface of SPPtEs (Tables 3.4-10 to 3.4.13). 

3.4.3.3 XPS and EDX spectroscopy analysis of MIP NPs 

XPS was used to determine the surface elemental composition of the synthesized MIP 

NPs.  That way, the successful formation of MIP NPs was confirmed.  The XPS 

determined iron atom surface concentrations of MIP NPs were negligibly low 

(Tables 3.4-2 to 3.4-5).  Hence, the MIP NPs were also investigated with EDX 

spectroscopy (Tables 3.4-6 to 3.4-9).  The EDX spectroscopy analysis showed that the 

Fe L line was more pronounced for MIP NPs-1, -2, and -4, and the calculated iron 

concentrations in MIP NPs were higher than in the case of XPS analysis.  That is, they 

varied from 1.58 to 5.43 atomic %.  Apparently, ferrocenium moieties were hidden 

inside MIP NPs, so their surface concentration might be lower than that in the MIP NPs 

bulk. 

Table 3.4-2.  The XPS-determined surface elemental composition of MIP NPs-1.  

Element Concentration, atomic % 

Na 5.40 
F 0.84 

O 18.87 

N 1.17 

C 59.99 

S 1.40 

Au 12.32 
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Table 3.4-3.  The XPS-determined surface elemental composition of MIP NPs-2. 

Element Concentration, atomic % 

Na 7.93 
O 25.06 

N 0.85 

C 57.26 

S 1.42 

P 0.47 

Si 2.89 

Au 4.12 

Table 3.4-4.  The XPS-determined surface elemental composition of MIP NPs-3. 

Element Concentration, atomic % 

O 5.70 
N 2.13 

C 90.93 

S 1.23 

Table 3.4-5.  The XPS-determined surface elemental composition of MIP NPs-4. 

Element Concentration, atomic % 

Na 0.55 
O 7.73 

N 0.85 

C 86.63 

S 0.74 

Si 3.24 
Au 0.27 
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Table 3.4-6.  The (EDX spectroscopy)-determined composition of MIP NPs-1 drop-cast 
on the Au substrate.  

Element Concentration, atomic % 

Na 1.12 
Fe 3.37 
O 13.57 
N 8.56 
C 56.31 
Au 17.07 

Table 3.4-7.  The (EDX spectroscopy)-determined composition of MIP NPs-2 drop-cast 
on the Au substrate. 

Element Concentration, atomic % 

Na 2.89 
Fe 3.19 
O 20.99 
N 7.32 
C 47.12 
Cl 0.64 
S 2.06 
Au 15.80 

Table 3.4-8.  The (EDX spectroscopy)-determined composition of MIP NPs-3 drop-cast 
on the Au substrate. 

Element Concentration, atomic % 

Na 0.69 
Fe 1.58 
O 8.19 
N 3.36 
C 78.91 
Au 5.73 
S 1.54 
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Table 3.4-9.  The (EDX spectroscopy)-determined composition of MIP NPs-4 drop-cast 
on the Au substrate. 

Element Concentration, atomic % 

Na 0.30 
Fe 5.43 
O 8.99 
N 9.29 
C 52.16 
S 2.92 
Au 20.91 

 

Moreover, the EDX spectroscopy analysis of electrodes functionalized with MIP NPs 

was performed to confirm the presence of the MIP NPs immobilized on the surface of 

SPPtEs (Tables 3.4-10 to 3.4-13).  The Fe presence originates from the ferrocene 

derivative, ranging from 0.61 to 3.04 atomic %.  Even though the iron concentration on 

the surface of SPPtEs modified with MIP NPs was lower than that of MIP NPs just 

drop-cast on the Au substrates, iron was detectable in all cases. 

Table 3.4-10.  The (EDX spectroscopy)-determined composition of MIP NPs-1 
immobilized on the SPPtE surface. 

Element Concentration, atomic % 

C 24.20 
N 9.44 
O 45.29 
Fe 2.36 
Al 4.13 
Si 2.46 
Pt 9.78 
Pb 2.34 

  

http://rcin.org.pl



196 
 

Table 3.4-11.  The (EDX spectroscopy)-determined composition of MIP NPs-2 
immobilized on the SPPtE surface. 

Element Concentration, atomic % 

C 39.65 
N 3.18 
O 31.54 
Fe 0.61 
Na 18.10 
Al 1.13 
Si 1.16 
Pt 3.96 
Pb 0.67 

Table 3.4-12.  The (EDX spectroscopy)-determined composition of MIP NPs-3 
immobilized on the SPPtE surface. 

Element Concentration, atomic % 

C 47.23 
N 8.00 
O 28.73 
Fe 1.40 
Na 3.91 
Al 1.51 
Si 1.70 
Pt 6.74 
Pb 0.79 

Table 3.4-13.  The (EDX spectroscopy)-determined composition of MIP NPs-4 
immobilized on the SPPtE surface. 

Element Concentration, atomic % 

C 24.84 
N 6.70 
O 43.25 
Fe 3.04 
Na 0.29 
Al 6.28 
Si 0.97 
Pt 12.53 
Pb 2.09 
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3.4.3.4 IR spectroscopy analysis of MIP NPs 

Successful preparation of GLY-MIP NPs was also confirmed by PM-IRRAS 

measurements (Figure 3.4-11).  Notably, three well-pronounced partially overlapped 

bands at 2956, 2927, and 2854 cm−1 originating from alkanes' C–H bond stretching 

were present in the spectra.  Moreover, bands at 1727 cm−1 and those broad between 

1200 and 1000 cm−1 may represent stretching vibrations of ester –C=O and –C–O– 

groups in all four types of MIP NPs synthesized.  Furthermore, the broadening of the 

second band can be assigned to the –C–N– bond, whose vibrations are manifested with 

bands at similar wavenumbers.  Likewise, bands at 1465 and 1457 cm−1 may be 

attributed to the bending vibrations of the –CH2– group. 

 

 
Figure 3.4-11.  The PM-IRRAS spectra of (spectrum 1) MIP NPs-1, (spectrum 2) MIP 
NPs-2, (spectrum 3) MIP NPs-3, and (spectrum 4) MIP NPs-4. 
 

3.4.4 Electrochemical characterizing of MIP NPs chemosensors  

DPV and EIS measurements were performed to characterize the MIP NPs-based 

chemosensors electrochemically.  The EIS results comply with the DPV results.  First, 

measurements were carried out at bare SPPtEs in blank 10 mM PBS (pH = 7.4).  In this 

case, there was no DPV peak (curve 1 in Figure 3.4-12a), and the Nyquist plot showed 
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an almost straight line, typical for a diffusion-limited process (curve 1 in Figure 3.4-

12b).  No significant changes in the DPV voltammogram and the EIS Nyquist plot were 

observed after silanization of the SPPtE as no redox process occurred at the electrode 

(curves 2 in Figures 3.4-12a and 3.4-12b).  These results may suggest that the SPPtE 

was coated with silane.  Electrode surface modification with MIP NPs-1 resulted in the 

appearance of the ferrocene DPV peak at ~0.20 V vs. Ag quasi-reference electrode 

(curves 3 in Figure 3.4-12a).  Simultaneously, the semi-circle diameter in the respective 

Nyquist plot decreased (curves 3 in Figure 3.4-12b).  Immobilizing electroactive MIP 

NPs bearing ferrocene moieties on the electrode surface led to occurring DPV currents 

and decreasing the 𝑅ct at the SPPtE recorded in the (redox probe)-free PBS solution.  

After immersing the modified SPPtE in 10 nM GLY in PBS (pH = 7.4), the DPV peak 

increased, whereas the 𝑅ct of the MIP NPs chemosensor decreased (curves 4  

in Figures 3.4-14a and 3.4-14b).   
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Figure 3.4-12.  (a) The DPV and (b) EIS Nyquist curves for SPPtEs in blank PBS 
(pH = 7.4) for the (curve 1) bare, (curve 2) silanized, then modified with (curve 3') MIP 
NPs-1, (curve 3'') MIP NPs-2, (curve 3''') MIP NPs-3, (curve 3iv) MIP NPs-4 coated 
electrodes in blank PBS (pH = 7.4), and then for the electrodes coated with (curve 4') 
MIP NPs-1, (curve 4'') MIP NPs-2, (curve 4''') MIP NPs-3, (curve 4iv) MIP NPs-4 
immersed in 10 nM glyphosate in PBS (pH = 7.4). 

 

Presumably, GLY binding sites interaction with recognizing sites of MIP NPs 

causes conformational changes in the polymer structure,419 thus influencing the density 

of ferrocene moieties present in MIP NPs.  Therefore, GLY binding to MIP NPs causes 

DPV and EIS signal changes, confirming the MIP NPs' chemosensor applicability for 

GLY sensing. 
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3.4.5 Optimizing electrode modification conditions 

Two chemosensors based on MIP NPs-1 prepared using either APTES or AAPS were 

analyzed by comparing their DPV peaks for GLY of different concentrations in 10 mM 

PBS, pH = 7.4 (Figure 3.4-13). 
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Figure 3.4-13.  Normalized DPV peak currents vs. glyphosate concentration in 10 mM 
PBS (pH = 7.4) for the (MIP NPs-1)-containing chemosensor prepared using either 
(curve 1) AAPS or (curve 2) APTES for SPPtE modification. 
 

Applying AAPS for electrode modification led to a superior chemosensor response 

to GLY.  Therefore, this silane was selected for subsequent electrode silanizations. 

3.4.6 Analytical performance of MIP NPs chemosensors  

The analytical performance of the (MIP NPs)-containing chemosensors for GLY 

determination was examined with DPV.  For all chemosensors, the DPV peaks, present 

at ~0.20 V vs. Ag quasi-reference electrode in blank 10 mM PBS (pH = 7.4), originated 

from the electro-oxidation of the internal redox probe.  After GLY addition to the test 

solution, the peak increased (Panels a in Figures 3.4-14 to 3.4-18).  The Langmuir-

Freundlich isotherm well described the DPV peak dependence on the GLY 

concentration for electrodes functionalized with MIP NPs for GLY in the concentration 

range of 0.05 to 100 nM (Panels b in Figures 3.4-14 to 3.4-17).  The DPV-determined 

isotherm parameters for all four chemosensors are summarized in Tables 3.4.14 to 

3.4.17.  Moreover, semi-logarithmic calibration curves were constructed  
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(Figures c 3.4-14 to 3.4-17).  Furthermore, a linear calibration plot was built in a low 

concentration range of 25 to 500 pM for the chemosensor with MIP NPs-4  

(Figure 3.4-18b).  The chemosensors' selectivity was determined by analyzing their 

responses to compounds bearing the same functional groups as GLY, i.e., adenosine 

triphosphate (ATP), L-leucine, and clopyralid, which is also an herbicide like a GLY.  

Thus, the selectivity was calculated by dividing the slope of the calibration plot for the 

(MIP NPs)-coated electrode for GLY by the slopes of the calibration plots, 

independently, for each above interference. 

The MIP NPs-1 chemosensor selectivity to ATP and L-leucine was high.  However, 

it was lower to clopyralid, a compound with the –COOH group like GLY 

(Figure 3.4-14b).  The response of the electrode modified with MIP NPs-1 obeyed the 

semi-logarithmic calibration equation of (𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 = 1.3 (±0.1) +  

1.19 (±0.07×10−2) log [𝑐GLY, nM] with the correlation coefficient, 𝑅2 = 0.985 and 

LOD = 5.0 pM at 𝑆/𝑁 = 3.  The selectivity to ATP, L-leucine, and clopyralid was 2.69, 

3.50, and 2.02, respectively (Figure 3.4-14c).  Unfortunately, the (MIP NPs-2)- and 

(MIP NPs-3)-containing chemosensors were not selective to the above interferences in 

DPV determinations (Figures 3.4-15b and 3.4-16b).  The response of the electrode 

functionalized with MIP NPs-2 obeyed the semi-logarithmic calibration equation of 

(𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 = 0.47 (±0.04) + 0.14 (±0.02)  log [𝑐GLY, nM] with the 

correlation coefficient 𝑅2 = 0.8979.  For GLY, LOD was 37 pM at 𝑆/𝑁 = 3.   

The selectivity to ATP, L-leucine, and clopyralid was 0.79, 0.80, and −2.65, 

respectively (Figure 3.4-15c).  The response of the electrode modified with MIP NPs-3 

conformed to the semi-logarithmic calibration equation of (𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 =

 0.65 (±0.02) + 0.21 (±0.01) log [𝑐GLY, nM] with the correlation coefficient 𝑅2 = 0.989 

and LOD = 22 pM at 𝑆/𝑁 = 3.  The selectivity to ATP, L-leucine, and clopyralid was 

1.11, 0.78, and 0.96, respectively (Figure 3.4-16c).  Furthermore, the (MIP NPs-4)-

based chemosensor was selective to GLY and discriminative to clopyralid, ATP, and  

L-leucine interferences (Figure 3.4-17b).  The DPV response of the electrode modified 

with MIP NPs-4 followed the semi-logarithmic calibration equation of 

(𝐼DPV,0 −  𝐼DPV,s)/𝐼DPV,0 = 0.95 (±0.02) + 0.53 (±0.02) log [𝑐GLY, nM] with the 

correlation coefficient, 𝑅2 = 0.996.  For GLY, the LOD was 13 pM at 𝑆/𝑁 = 3.   

The selectivity to ATP, L-leucine, and clopyralid was 2.93, 3.67, and 2.23, respectively 

(Figure 3.4-17c).  DPV measurements demonstrated that the (MIP NPs-1)- and (MIP 
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NPs-4)-containing chemosensors responded to the GLY analyte selectively.  

Presumably, interactions with GLY of functional monomers chosen for constructing 

these chemosensors were the strongest, thus forming molecular cavities of high affinity 

to GLY molecules.  For instance, ITA proposed as the functional monomer for the MIP 

NPs-1 containing chemosensor bears two carboxyl groups, which might interact through 

hydrogen bonds420 with the amine group of GLY.  Furthermore, negatively charged ITA 

carboxyl groups could electrostatically interact with the positively charged amino group 

of the GLY zwitterion in an aprotic polar solvent, DMF, used for polymerization.   

The SQ6 monomer applied as the functional monomer for the MIP NPs-4 containing 

chemosensor belongs to the squaramide class of compounds, being four-membered ring 

systems derived from squaric acid.415  They consist of a conformationally rigid 

cyclobutene ring with two carbonyl hydrogen-bond acceptors and two N-H hydrogen-

bond donors.421  Therefore, substrates bearing squaramide moiety interact via strong 

hydrogen bonds with compounds bearing different functional groups, including 

carbonyl, nitro, and imino functionalities.422  Then, the SQ6 squaramide-based vinyl 

monomer might serve as a functional building block in co-polymerizations with many 

co-monomers and cross-linking monomers,352 and as a strong Brønsted acid capable of 

forming hydrogen bonds with either the carboxyl, amine, or phosphonic group of GLY.  

Moreover, AAm and 2-hydroxyethyl methacrylate, along with the squaramide-based 

monomer for (MIP NPs-4)-containing chemosensor preparation, can strongly associate 

with GLY through hydrogen bonding.423-424  Hydrogen bonds can be formed between 

the amine group of AAm or hydroxyl group of 2-hydroxyethyl methacrylate and the 

carboxyl or phosphonic group of GLY.  Furthermore, in a polar aprotic solvent, 

positively charged AAm may electrostatically interact with the GLY zwitterion's 

negatively charged phosphonic group.424  Additionally, the SQ6 monomer can strongly 

interact via its squaramide center with the phosphate moiety of GLY. 

The (MIP NPs-1)- and (MIP NPs-4)-containing chemosensors were chosen for 

further investigations because their DPV responses to the GLY analyte were the highest.  

The repeatability of the chemosensors was examined by measuring six times the 

ferrocene moiety DPV peaks for 50 nM GLY at a single SPPtE under the same 

conditions, resulting in the relative standard deviation (RSD) of 2.5% and 4.1% for the 

(MIP NPs-1)- and (MIP NPs-4)-containing chemosensor, respectively.  Furthermore, 

the reproducibility was examined by comparing the DPV responses of six chemosensors 
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to 50 nM GLY under identical conditions.  For the (MIP NPs-1)- and (MIP NPs-4)-

containing chemosensors, the RSD was 8.1% and 4.9%, respectively. 

Moreover, since (MIP NPs-4)-containing chemosensor selectivity was higher than 

that containing MIP NPs-1, the former was selected to prepare the calibration plot in the 

pseudo-linear initial part of the Langmuir-Freundlich isotherm.  The DPV peak 

recorded at the SPPtE coated with MIP NPs-4 linearly increased with the increase of the 

GLY analyte concentration in the range of 25 pM to 500 pM (Figure 3.4.18a), obeying 

the semi-logarithmic regression equation of (𝐼DPV,0 − 𝐼DPV,s)/𝐼DPV,0 = 0.95 (±0.02) +  

0.53 (±0.02) log [𝑐GLY, nM] with the correlation coefficient, R2 = 0.981 (Figure 3.4.18b).  

The LOD was 18.2 pM at 𝑆/𝑁 = 3.  The selectivity coefficients for ATP, L-leucine, 

and clopyralid were 2.31, 4.54, and 2.72, respectively. 
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Figure 3.4-14.  (a) The DPV curves for the screen-printed platinum electrode (SPPtE) 
coated with MIP NPs-1 in (curve 1) 10 mM PBS (pH = 7.4), and the glyphosate (GLY) 
presence at the concentration of (curve 2) 0.05, (curve 3) 1 (curve 4) 10, (curve 5) 50, 
and (curve 6) 100 nM.  (b) The DPV peak dependence on concentration for 
(curve 1') GLY, (curve 2') clopyralid, (curve 3') ATP, and (curve 4') L-leucine.  
(c) Calibration plots for the (MIP NPs-1)-containing DPV chemosensor for 
(curve 1') GLY, (curve 2'') clopyralid, (curve 3'') ATP, and (curve 4'') L-leucine. 
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Table 3.4-14.  The DPV determined parameters of Langmuir-Freundlich isotherms for 
the (MIP NPs-1)-containing chemosensor. 

Compound 𝚫𝑰𝐦𝐚𝐱 𝑲𝐒, nM−1 𝒏′ 

Glyphosate 6 ± 2 0.28 ± 0.09 0.4 ± 0.1 
ATP 3 ± 2 0.4 ± 0.5 0.3 ± 0.2 
L-Leucine 2 ± 4 0.03 ± 0.1 - 
Clopyralid 8 ± 10 0.2 ± 0.2 0.27 ± 0.08 

𝛥𝐼𝑚𝑎𝑥 – maximal relative change in the DPV peak current. 
𝐾𝑆 – the concentration of the compound at equilibrium/equilibrium constant for heterogeneous 
solid. 
𝑛′ – the homogeneity factor. 
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Figure 3.4-15.  (a) The DPV curves for the screen-printed platinum electrode (SPPtE) 
coated with MIP NPs-2 in (curve 1) 10 mM PBS (pH = 7.4) and in the glyphosate 
(GLY) presence at the concentration of (curve 2) 0.05, (curve 3) 1 (curve 4) 10, 
(curve 5) 50, and (curve 6) 100 nM.  (b) The DPV peak currents for (curve 1') GLY, 
(curve 2') clopyralid, (curve 3') ATP, and (curve 4') L-leucine of different 
concentrations.  (c) Calibration plots for the (MIP NPs-2)-containing DPV chemosensor 
for (curve 1'') GLY, (curve 2'') clopyralid, (curve 3'') ATP, and (curve 4'') L-leucine. 
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Table 3.4-15.  The DPV determined parameters of Langmuir-Freundlich isotherms for 
the (MIP NPs-2)-based chemosensor. 

Compound 𝚫𝑰𝐦𝐚𝐱 𝑲𝐒, nM−1 𝒏′ 

Glyphosate 44 ± 4085 0.01 ± 1 0.1 ± 0.2 

ATP 1.8 ± 0.4 0.26 ± 0.08 0.25 ± 0.02 

L-Leucine 0.8 ± 0.1 1 ± 0.4 0.41 ± 0.09 

Clopyralid 0.40 ± 0.04 223 ± 1109 -1 ± 1 

𝛥𝐼𝑚𝑎𝑥– maximal relative change in the DPV peak current. 
𝐾𝑆 – the concentration of the compound at equilibrium/equilibrium constant for heterogeneous 
solid. 
𝑛′ – the homogeneity factor. 
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Figure 3.4-16.  (a) The DPV curves for the screen-printed platinum electrode (SPPtE) 
coated with MIP NPs-3 in (curve 1) 10 mM PBS (pH = 7.4), then after the addition of 
glyphosate (GLY) to reach the concentration of (curve 2) 0.05, (curve 3) 1 (curve 4) 10, 
(curve 5) 50, and (curve 6) 100 nM. (b) The DPV peak dependence on concentration for 
(curve 1') GLY, (curve 2') clopyralid, (curve 3') ATP, and (curve 4') L-leucine.  (c) The 
(MIP NPs-3)-containing DPV chemosensor calibration plots for (curve 1'') GLY, 
(curve 2'') clopyralid, (curve 3'') ATP, and (curve 4'') L-leucine. 
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Table 3.4-16.  The DPV-determined parameters of Langmuir-Freundlich isotherms for 
the MIP NPs-3 containing chemosensor. 

Compound 𝚫𝑰𝐦𝐚𝐱 𝑲𝐒, nM−1 𝒏′ 

Glyphosate 1.5 ± 0.5 0.7 ± 0.5 0.25 ± 0.08 
ATP 10 ± 69 0.06 ± 0.4 0.16 ± 0.07 
L-Leucine 1.3 ± 0.2 0.9 ± 0.2 0.40 ± 0.06 
Clopyralid 61 ± 1426 0.009 ± 0.2 0.16 ± 0.04 

𝛥𝐼𝑚𝑎𝑥 – maximal relative change in the DPV peak current 
𝐾𝑆 – the concentration of the compound at equilibrium/equilibrium constant for heterogeneous 
solid 
𝑛′ – the homogeneity factor.  
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Figure 3.4-17.  (a) The DPV curves for the screen-printed platinum electrode coated 
with MIP NPs-4 in (curve 1) 10 mM PBS (pH = 7.4) and in the presence of glyphosate 
(GLY) at the concentration of (curve 2) 0.05, (curve 3) 1 (curve 4) 10, (5) 50, and 
(curve 6) 100 nM.  (b) DPV peak dependence on concentration for (curve 1') GLY, 
(curve 2') clopyralid, (curve 3') ATP, and (curve 4') L-leucine.  (c) The (MIP NPs-4)-
containing DPV chemosensor calibration plots for (curve 1'') GLY, (curve 2'') 
clopyralid, (curve 3'') ATP, and (curve 4'') L-leucine. 
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Table 3.4-17.  The DPV-determined parameters of Langmuir-Freundlich isotherms for 
the (MIP NPs-4)-containing chemosensor. 

Compound 𝚫𝑰𝐦𝐚𝐱 𝑲𝐒, nM−1 𝒏′ 

Glyphosate 2.0 ± 0.1 1.0 ± 0.3 0.63 ± 0.07 
ATP 20 ± 900 0.02 ± 0.9 0.2 ± 0.2 
L-Leucine 0.84 ± 0.08 0.7 ± 0.1 0.34 ± 0.04 
Clopyralid 4 ± 6 0.2 ± 0.3 0.20 ± 0.08 

𝛥𝐼𝑚𝑎𝑥  – maximal relative change in the DPV peak current 
𝐾𝑆 – the concentration of the compound at equilibrium/equilibrium constant for heterogeneous 
solid 
𝑛′ – the homogeneity factor. 
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Figure 3.4-18.  (a) The DPV curves for the screen-printed platinum electrode (SPPtE) 
coated with MIP NPs-4 in (curve 1) 10 mM PBS (pH = 7.4) and in the presence of 
glyphosate (GLY) at the concentration of (curve 2) 25, (curve 3) 50 (curve 4) 125, 
(curve 5) 250, and (curve 6) 500 pM.  (b) The DPV calibration curves for the (MIP 
NPs-4)-containing chemosensor for (curve 1') GLY, (curve 2') clopyralid, (curve 3') 
ATP, and (curve 4') L-leucine. 
 
The analytical parameters of all chemosensors devised are summarized in Table 3.4-18. 
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Table 3.4-18.  Comparison of analytical parameters of chemosensors fabricated. 

Chemosensor 
No. 

Linear regression 
calibration curve 

LOD, 
pM 

Selectivity to Linear 
dynamic 

concentration 
range, nM 

   ATP L-leucine clopyralid  

MIP NPs-1 (IDPV,0 – IDPV,s)/IDPV,0 = 
1.32(±1.14×10−1) +  
1.19(±7.29×10−2) 

log[cGLY, nM] 

5 2.69 3.50 2.02  
 
 
 
 
 
 
 
 
 

1 – 100 

MIP NPs-2 (IDPV,0 – IDPV,s)/IDPV,0 = 
0.47(±3.77×10−2) + 
0.14(±2.32×10−2) 

log[cGLY, nM] 

37 0.79 0.80 −0.73 

MIP NPs-3 (IDPV,0 – IDPV,s)/IDPV,0 = 
0.65(±1.57×10−2) + 
0.21(±1.12×10−2) 

log[cGLY, nM] 

22 1.11 0.78 0.96 

MIP NPs-4 (IDPV,0 – IDPV,s)/IDPV,0 = 
0.95(±2.13×10−2) + 
0.53(±1.65×10−2) 

log[cGLY, nM] 

13 2.93 3.67 2.23 

MIP NPs-4 (IDPV,0 – IDPV,s)/IDPV,0 = 
0.53(±7.39×10-3) + 

1.22×10−3(±4.13×10−5) 
cGly, [pM] 

18.2 2.31 4.54 2.72 0.025 – 0.5 

3.4.7 Glyphosate determination in real river water samples 

The (MIP NPs-1)- and (MIP NPs-4)-containing chemosensors were applied for DPV 

determination of GLY in river water samples in the concentration range of 0.05 nM to 

100 nM, as adopted previously (Figures 3.4-19a and 3.4-20a) to verify if the 

detectability of the chemosensors fabricated was sufficient for real sample analysis.  

The samples were prepared as described in Section 2.2.2.7, then spiked with GLY.  The 

results are compiled in Tables 3.4-19 and 3.4-21.  In the GLY analyte concentration 

range of 0.05 nM to 100 nM, the recovery of GLY ranged from 53% to 127% and from 

91% to 124% for GLY determination with the (MIP NPs-1)- and (MIP NPs-4)-

containing chemosensor, respectively.  The GLY concentration determined in river 

water samples, particularly using the (MIP NPs-4)-containing chemosensor, well 

complied with those determined using PBS.  Moreover, all tested chemosensors 
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appeared independent of the matrix effect (panels b and c in Figures 3.4-19 to 3.4-20).  

Advantageously, the satisfying GLY determination in river water samples signifies that 

the (MIP NPs-1)- and (MIP NPs-4)-containing chemosensors can effectively monitor 

this herbicide in natural water samples. 
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Figure 3.4-19.  (a) The DPV curves for the screen-printed platinum electrode (SPPtE) 
modified with MIP NPs-1 in (curve 1) river water samples, and these samples 
containing glyphosate (GLY) at the concentration of (curve 2) 0.05, (curve 3) 1, 
(curve 4) 10, (curve 5) 50, and (curve 6) 100 nM.  (b) Comparison of the (MIP NPs-1)-
containing DPV chemosensor response to GLY in (curve 1') river water sample and 
(curve 2') 10 mM PBS (pH = 7.4).  (c) Comparison of calibration plots for the (MIP 
NPs-1)-containing DPV chemosensor for GLY in (curve 1'') a river water sample and 
(curve 2'') 10 mM PBS (pH = 7.4). 
  

http://rcin.org.pl



209 
 

Table 3.4-19.  DPV determination of glyphosate (GLY) in river water samples with the 
(MIP NPs-1)-containing chemosensor in the GLY concentration range of 0.05 nM to 
100 nM. 

Sample 
No. 

Known 
concentration, nM 

Relative 
current change 

Calculated 
concentration, nM 

Recovery, % 

1 0.05 0.525 0.027 53 
2 1 1.383 1.064 106 
3 10 2.110 6.085 61 
4 50 3.439 57.36 115 
5 100 4.012 127.1 127 
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Figure 3.4-20.  (a) The DPV curves for the screen-printed platinum electrode (SPPtE) 
modified with MIP NPs-4 in (curve 1) river water samples and with glyphosate (GLY) 
present in these samples at the concentration of (curve 2) 0.05, (curve 3) 1 (curve 4) 10, 
(curve 5) 50, and (curve 6) 100 nM.  (b) Comparison of the (MIP NPs-4)-containing 
DPV chemosensor response to GLY in (curve 1') river water sample and (curve 2') 
10 mM PBS (pH = 7.4).  (c) Comparison of calibration plots for the (MIP NPs-4)-
containing DPV chemosensor for GLY in (curve 1'') a river water sample and (curve 2'') 
10 mM PBS (pH = 7.4). 
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Table 3.4-20.  DPV determination of glyphosate (GLY) in river water samples with the 
(MIP NPs-4)-containing chemosensor in the GLY concentration range of 0.05 nM to 
100 nM. 

Sample 
No. 

Known 
concentration, nM 

Relative 
current change 

Calculated 
concentration, nM Recovery, % 

1 0.05 0.241 0.045 91 
2 1 0.997 1.206 121 
3 10 1.497 10.54 105 
4 50 1.905 61.79 124 
5 100 2.060 121.0 121 
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Chapter 4 

4. Conclusions 

The electrochemical sensors with recognition units of MIP films were devised, 

fabricated, and examined for selective determination of chosen food and dietary 

supplement' toxins, vis., Pro-NO and SYN.  The most stable pre-polymerization 

complexes of (functional monomer)-template were computationally selected and used 

for potentiodynamic electropolymerization to form thin films on the surface  

of electrodes.  DPV, XPS, and PM-IRRAS measurements confirmed the imprinting  

of Pro-NO and SYN in MIPs, then their subsequent removal.  After template extracting 

from the MIP, chemosensors were used to determine Pro-NO and SYN analytes.   

The chemosensor for Pro-NO fabricated that way revealed a low DPV and EIS-

determined LOD equal to 80.9 and 36.9 nM, respectively, with appreciable sensitivity 

of 0.094 μA μM−1 and 8.651 Ω μM−1, respectively, and a reasonably broad linear 

dynamic concentration range of 9.1 to 43.9 µM Pro-NO.  The PM at EQCM under FIA 

conditions determined Pro-NO in the concentration range of 0.125 to 2.0 mM with  

a LOD of 10 μM.  Moreover, a high IF exceeding 20 implies that MIP cavities of high 

affinity to Pro-NO molecules were formed.  The chemosensor for SYN was also 

characterized by a low LOD of 12.2 nM in DPV determination, achieving appreciable 

sensitivity of 3.21×10−4 nM−1 in a satisfying linear dynamic concentration range of 0.1 

to 0.99 µM SYN.  Similarly, in the EIS determination, this chemosensor reached a LOD 

of 5.69 nM SYN, exhibiting high sensitivity of 0.47 Ω nM−1 in the linear dynamic 

concentration range of 0.1 to 0.99 µM SYN.  Moreover, the results have demonstrated 

that the chemosensors were selective to interferences, including urea, adrenalin, 

glucose, and creatinine.  The Pro-NO analyte was successfully determined in real meat 

samples, demonstrating that the developed procedure using these chemosensors is 

promising for sensing toxins in complex food matrices. 

The present Ph.D. thesis also details the mechanism of the so-called "gate effect" 

accounting for the operation of chemosensors constructed from conductive MIP films.  

A functionalized polythiophene film imprinted with SYN was applied as the model 

sensing system.  Importantly, the DPV peak decrease at the SYN-MIP film-coated 

electrode for the K4[Fe(CN)6]/K3[Fe(CN)6] and Ru(NH3)6Cl3 redox probes after the 
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addition of SYN did not originate from MIP film swelling or shrinking.  Instead, this 

decrease originated from changes in the inherent electrochemical properties of the MIP 

film, namely, its conductivity.  UV-vis spectroscopy results indicated that the 

conductivity decrease with the increase of the SYN concentration presumably 

originated from the decrease of radical cation (polaron) mobility in this semiconductive 

MIP film. 

The above investigation enabled the devising of a redox self-reporting MIP 

chemosensor with the covalently immobilized ferrocene redox probe for label-free 

electrochemical sensing of the SYN model analyte.  A ferrocene-derivatized 

polythiophene monomer was designed, synthesized, and then used for MIP film 

deposition on the electrode surface to immobilize the Fc redox probe in the MIP matrix 

covalently.  These electrodes were used for the electrochemical determination of SYN 

without the external redox probe in the test solutions.  Since the thickness and 

morphology of the prepared MIP film were significant parameters in terms of sensor 

performance, the electropolymerization conditions were optimized.  Moreover, it was 

necessary to copolymerize the (sulfonyl acid moiety)-containing monomer for proper 

chemosensor operation.  Under these conditions, even 40% of the ferrocene moieties 

contributed to the self-reporting MIP film chemosensor response.  Significantly, this 

sensor's analytical parameters determined by DPV, including sensitivity 

(3.99×10−2 nM−1) and LOD (0.57 nM SYN), favorably compared to those of the 

previously described traditional chemosensor using an external redox probe with the 

sensitivity and LOD equaling 3.21×10−4 nM−1 and 12.2 nM SYN, respectively.  

Successful determination of SYN in real dietary supplement samples confirmed the 

analytical usefulness of the chemosensor with the self-reporting MIP film. 

Furthermore, four chemosensors containing electroactive MIP NPs with the 

covalently immobilized ferrocene derivative were fabricated and examined for the DPV 

determination of GLY.  MIP NPs with ferrocene moieties acted as both the recognition 

unit and the internal redox probe.  The performance of the MIP NPs sensor prepared in 

the presence of Ally and SQ6 functional monomers was superior to other chemosensors 

based on MIP NPs.  Apparently, interactions of Ally and SQ6 functional monomers 

with GLY were the strongest, allowing them to form well-defined molecular cavities 

and thus achieve low LOD equaling 13 pM GLY.  Moreover, GLY was determined in 

river water samples, proving that the fabricated sensor applies to real samples' analysis. 
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