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INTRODUCTION 

Antibiotics are chemical compounds that inhibit the growth of microorganisms or kill 

them and are frequently used in healthcare and agriculture. The continuous release of 

the antibiotics into the environment [1,2] led to the production of antibiotic resistance 

in bacteria [3]. Antibiotic resistance constitutes major public health problems such as 

extended hospital stays, rising medical costs, and increased mortality [4]. 

Environmental sample analysis is mostly processed under laboratory conditions using 

high-performance liquid chromatography (HPLC), enzyme-linked immunosorbent assay 

(ELISA), mass spectrometry (MS) [5]. However, these traditional techniques need 

expensive instrumentation, well trained personnel and are not portable. Consequently, 

alternative analytical devices, such as sensors that detect antibiotics in water, are vitally 

important. The scientific community is exploring methods for improved analysis in order 

to detect the traces of antibiotics from natural waters [5,6]. Although certain progress 

has been recorded, difficulties in special conditions requirements, as well as the unstable 

natural receptors used in biosensors, impede their continued usage. 

One approach to overcome this challenge involves the use of molecularly imprinted 

technology (MIT) that generates highly stable and selective artificial molecular 

recognition material called molecularly imprinted polymer (MIP). MIT is used to generate 

synthetic receptors through the creation of a polymer network around a chosen target 

molecule acting as a template. The subsequent removal of the templates from the 

formed polymer leaves behind binding sites that are complementary to the target 

molecule in size, shape and arrangement of functional groups. The established binding 

sites can detect the target and distinguish between molecules of similar structure [7]. 

MIP as a synthetic receptor has advantages including, simpler preparation, and better 

stability compared to biological receptors. MIP integration with various sensing 

platforms in order to produce low-cost accurate sensors for environmental monitoring 

have been extensively studied [8]. A number of studies have focused on the production 

of electrochemical MIP-based sensors since they provide desirable portability, real-time 

monitoring, and inexpensiveness [9,10]. Among pharmaceutical pollutants, antibiotics 

are the most commonly researched target analyte for electrochemical detection using 

MIP-based sensors [11]. Recently, Syritski’s group has successfully achieved the 

portable and selective MIP-based sensor for electrochemical detection of erythromycin 

(Ery) inside aqueous media using m-phenylenediamine (mPD) as a single functional 

monomer [12]. Although clarithromycin (Cla) and azithromycin (Azi) have very similar 

structure to Ery, the generated Ery-MIP sensor did not show good response towards 

them. However, since the real environmental water sample contains all types of 

antibiotics presented usually at very low concentration, the possibility of group-selective 
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detection can be of great advantage. To address the need, group-selective MIPs (gMIP) 

capable of recognition of a group of closely related compounds rather than one 

constituent have been reported [13,14]. It was also found that applying a single 

template to synthesize gMIP helped to maximize time-efficiency and reduce the number 

of required templates in the preparation stage as compared to the multi-template 

synthesis approach [14]. 

This thesis aims to develop gMIP for the macrolide class of antibiotics (Ery, Cla, and 

Azi), which involves the use of two functional monomers during the synthesis process. 

The combination of two or more functional monomers for MIP synthesis can provide 

multiple recognition sites to different regions of the template improving the selectivity 

as compared to MIPs synthesized from a single functional monomer [15,16]. To reach 

the aim of the thesis, four objectives need to be fulfilled: the selection of functional 

monomers; the optimization of the synthesis parameters in order to produce a 

homogeneous polymer film on the sensor surface; evaluation of sensor rebinding; and 

study of group-selectivity of the prepared gMIP-based sensor. gMIP was prepared by 

electrochemical polymerization on the surface of a screen-printed electrode (SPE). Cyclic 

voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical 

impedance spectroscopy (EIS) were used to monitor the polymerization as well as to 

evaluate the capability of the resulting gMIP to selectively recognize the chosen 

macrolides. The success of the research would add a significant contribution to the 

needed commercial sensors based on gMIP for the recognition of multiple target 

molecules belonging to the same group of compounds [13]. 

 

 

  

Keywords: Molecularly imprinted polymer; macrolides; antibiotics detection; group-

selective MIP; master thesis. 
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1. THEORY AND LITERATURE REVIEW 

1.1 Environmental pollutants 

1.1.1 Pollutants and water pollution 

Environmental pollution is one of the most serious problems that we are facing today. 

Environmental pollution sources can be divided into natural and man-made [17]. 

Indeed, the huge amount of environmental pollution comes from our activities: not only 

social and economic structures but also the development of science and technology [18]. 

Pollutants are substances causing long-term and short-term effects on humans and the 

use of resources [19]. Those pollutants can be divided into organic, inorganic, thermal, 

noise, radioactive, and mixed pollution sources.  

It is well known that the planet is saturated with 78% water, and our body contains 

more or less 70% water [20]. In living species, water plays important functions, 

including solvent, temperature barrier, metabolite, living environments, and lubricants 

[21]. Water contamination is a major topic facing the current generation as a global 

concern, and their effects can differ based on their type and source [17]. Water 

pollutants could be categorized into conventional and emerging. Conventional 

contaminants include fluoride (F-), nitrate (NO3
−, NO2

−, NH3
+), and heavy metals (Sb, 

Cu, Pb, Hg, Ni, Zn, etc) while emerging water pollutants include pharmaceuticals, 

endocrine disrupting compounds, artificial sweeteners, surfactants, etc [22]. All types 

of water pollutants negatively impact marine flora and fauna, disrupt the ecosystem, 

and affect human health issues. 

1.1.2 Pharmaceutical pollutants 

Pharmaceutical products, which are used for both humans and animals, are particularly 

important in their everyday lives. In addition, their presence in the water system is one 

of the most troublesome and persistent issues. The main sources of pharmaceutical 

contamination are processed waste from pharmaceutical plants, hospital waste, plant, 

and livestock treatment [23]. Due to population increase and massive intake of drugs 

the accumulation of pharmaceutical products in the aquatic ecosystem is growing. They 

can also accumulate in their original state or by-products in the additional sludge 

produced by the processes of treatment. It is worth noting that certain by-products can 

be more harmful than their compounds. The prolonged release of these substances and 

their long ambient exposures may have long-term (chronic) consequences [24]. 

Nowadays, pharmaceutical components have been shown to be abundant in surface 
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water, groundwater, and drinking water [25]. Among them, antibiotics as a large group 

of pharmaceuticals or drugs, are widely used in the treatment of infections.  

1.2 Antibiotics 

1.2.1 Antibiotic use and antibiotic resistance 

Antibiotics are molecules with antimicrobial action, known to be a very effective type of 

pharmaceuticals used by humans in medicine, in animal treatment, poultry processing, 

and food security. They can either kill or prevent the growth of bacteria [26]. From the 

1920s, the use of antibiotics in medicine has increased lifetime, made safer treatments 

and more patients can be easily recovered through bacterial diseases [27].  

Since the 1900s, scientists have discovered that microorganisms were capable of 

resisting any of the drugs used. Most pathogens appear to be able to develop resistance 

to certain antimicrobial agents. These bacteria can infect humans and animals and are 

more difficult to manage than non-resistant [4]. The projected estimates indicate that 

the total intake of antibiotics used for agriculture would increase from 63000 to 105000 

tons a year between 2010 and 2030 (approximately 67% growth), suggesting a 

significant jump in antibiotic resistance [28]. Furthermore, the speed of resistance is 

noticeable: as an example over 70% of S. Isolated Aureus resists erythromycin after 6 

months of treatment [29]. There is a serious need for all countries to improve the way 

medicines are administered and used. The spread of antibiotic-resistant genes has 

become a global phenomenon and a multi-faceted danger. As a result of this situation, 

scientists have started to record and estimate the number of deaths as a result of 

bacterial antibiotic resistance. In 2009, the European Centre for Disease Prevention and 

Control (ECDC) reported that 25000 European deaths were caused by multidrug 

resistance. The US Center for Disease Control and Prevention (CDC) released a study in 

2013 indicating that AR causes an additional 23000 deaths per year in the United States 

[30]. Eventually, researchers in 2016 predicted that antimicrobial resistance could cause 

10 million deaths every year worldwide by 2050 [31]. All these data show that the 

detection of antibiotics in water environments is urgently necessary.   

1.2.2 Antibiotic as pollutants in aqueous environments 

In the majority of the environmental tests, antibiotics can be found deliberately released 

to the environment and result in significant detrimental effects on the habitat and 

humans. The existence of antibiotic residues in the water bodies threatens, directly and 

indirectly, community health. In aqueous environments, most antibiotics have limited 

solubility and antibiotic families, such as macrolides, are theoretically more likely to be 
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adsorbed by hydrophobic surfaces. This illustrates that it is very important to monitor 

and detect pharmaceutical pollutants, especially antibiotic agents. The international 

community is therefore mainly focusing on monitoring and removing antibiotics from 

wastewater [17,18]. 

The concentration and types of antibiotics in the water are different based on countries 

and courses. For example in Africa, the range of sulfamethoxazole in the surface water 

is 0,00027 – 39 μg/L [32]. In China, the mean and median concentrations found in 

purified tap water are 182 and 92 ng/L with 58 different antibiotics. In Chinese brand 

water bottles, they are 180 and 105 ng/L with 45 antibiotics. And in international bottled 

water brands, they are 666 and 146 ng/L with 36 antibiotics [33]. There are 17 

antibiotics detected in treated industrial water effluent from 7 European countries 

(Spain, Portugal, Germany, Norway, Finland, Cyprus, and Ireland). Fluoroquinolones 

were reported to have the highest concentrations of antibiotics: ciprofloxacin in Portugal 

up to 1435,5 ng/L and ofloxacin 613 ng/L in Cyprus. In Portugal, the maximum 

concentrations of azithromycin and clarithromycin observed are 1577,3 ng/L and 346,8 

ng/L [34]. Moreover, the “antibiotic pollution” happened not only in wastewater but also 

in drinking water [35]. Antibiotics most commonly found in aquatic ecosystems belong 

to the families of fluoroquinolones, beta-lactams, tetracyclines, sulfonamides, and 

macrolides [32]. Macrolide members including erythromycin (Ery), azithromycin (Azi), 

and clarithromycin (Cla) are on the EU surface water Watch List of emerging water 

toxins because of their widespread use and frequent detection in the environment. This 

list, which is updated every two years, contains all potential water pollutants that should 

be closely monitored by the EU Member States in order to assess the danger they pose 

to the aquatic environment [36]. 

1.2.3 Macrolide antibiotics  

To people with penicillin allergies, macrolides including Ery and Azi were considered to 

be a supplement for β-lactam antibiotics. Besides the purpose of alternative for penicillin 

and working mostly on gram-positive bacteria, macrolides also have proven their 

usefulness in the prevention of some gram-negative infections or atypical pathogens 

[37]. Macrolide antibiotics are a validated class of antimicrobial agents that have played 

a major role in gram-positive bacteria chemotherapy [38,39]. They are distinguished by 

the appearance of a lactone macrocyclic ring carrying one or more residues of deoxy-

sugar or amino sugar [40]. Many macrolides have been found, but only a few have been 

medically applied nowadays. Macrolide class features provide a relatively wide variety 

of antimicrobial operations, an orally efficient, and a reasonably high degree of safety 

[39]. For macrolides, the chemical composition includes a lactone ring of 12–18 
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members with direct or indirect links to 1–3 separate hexose moieties. One hexose 

moiety is connected to the position C5 of the ring [37].  Since the very first clinical use 

of Ery, more and more macrolides have been used in medicine such as Cla, Azi, 

josamycin, kitasamycin, roxithromycin, spiramycin, tilmicosin, tulathromycin, etc [41]. 

Within the scope of this thesis, only Ery, Cla, and Azi are used as target molecules. 

Ery, discovered in 1952, is a 14-member ring macrolide (MW 733,9 g/mol) (Fig 1.1) 

[39]. It is effective toward gram-positive, gram-negative bacteria and various 

microorganisms [42].  

Ery is quickly absorbed orally and transfers easily to the rest of the body fluids [42]. For 

90% of organisms, the minimum inhibitory concentration is 0,13 mg/L and the minimum 

bactericidal concentration is 2,0 mg/L. This is higher than Ery concentration in 

environmental samples. It can be assumed that environmental levels of erythromycin 

for microorganisms are sublethal, therefore indicating a massive risk for antimicrobial 

resistance [28,44]. 

Cla (MW 748,0 g/mol) is used for the prevention of chest, skin, and ear infections. It 

also can be used for stomach ulcers caused by Helicobacter pylori. Cla is commonly used 

 

Figure 1.1. Molecular structure of erythromycin (C37H67NO13) [43]. 

 

Figure 1.2. Molecular structure of clarithromycin (C38H69NO13) [43]. 

. 
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for those with penicillin allergy. Cla, has enhanced bioavailability (50%) and adsorption 

among macrolides [45,46]. 

Azi (MW 749,0 g/mol) discovered in 1980, is commonly used to cure infections with 

pneumonia, nose and throat infections (mainly children), skin infections, Lyme disease, 

and some infections that are sexually transmitted. Including a methylated nitrogen atom 

at the ninth position of the macrolide lactone ring as shown in Fig. 1.3, it is active against 

gram-negative bacteria [47,48]. But with oral bioavailability of only 37% [45], it is easy 

to go into the wastewater system and pollute the environment. 

1.3 Molecularly imprinted polymers 

Over the last few years, there have been numerous studies and publications on 

molecular imprinting, which have been considered as a promising approach to develop 

artificial receptors. Molecularly printed polymers (MIPs) composed of strongly inter-

linked polymers possess a biological structure-like recognizability in terms of the 

existence of unique sites that are complementary to a target molecule in structure and 

scale [49,50]. MIPs are also identified as plastic antibodies and similar to natural 

antibodies, with target molecule recognition features.  MIP materials are more flexible 

mechanically and chemically, more robust, simple synthesis, easy to use [51]. The 

embodiments of MIPs have been performed in different shapes, for example, 

membranes, thin layers, nanoparticles, regular spherical particles, irregularly ground 

particles, composites, etc [45]. Therefore, MIPs have a broad variety of use, including 

sensors, chromatography, catalysis, sample pre-treatment, purification, and drug 

delivery [52–54]. 

1.3.1 Principle of molecular imprinting 

MIP is formed by imprinting the template molecules in a polymer matrix followed by a 

washing procedure to have the template grooves. It reveals a preferred affinity with the 

 

Figure 1.3. Molecular structure of azithromycin (C38H72N2O12) [43]. 
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template molecule over others. This property is the primary driving force for all other 

applications [52]. 

The procedure of creating MIPs materials is described in Fig. 1.4. Affinity formation at 

the template active site can include several interactions, such as covalent interactions, 

electrostatic interactions, Van der Waals interactions, hydrophobic interactions, metal-

center coordination. Following synthesizing, the removal of the template molecules is 

carried out leaving behind the “molecular memory” sites that are capable of selective 

recognition of the template molecule or its structural analogues [51,55]. Based on how 

templates interact with functional monomers, molecular imprinting approaches are 

categorized as covalent or non-covalent. 

In a covalent approach, reversible covalent bonds between functional monomers and 

templates are established prior to the polymerization process. The complexes are stable 

with uniform distribution, and a broad range of conditions for polymerization are the 

main advantages of this approach [56,57]. The major disadvantage of covalent 

molecular imprinting is the limited number of functional monomers and templates that 

can be used to synthesize appropriate template-monomer complexes. Furthermore, due 

to the slow kinetics of template rebinding, this technique is unsuitable for applications 

requiring fast binding kinetics. To reduce the effect of negative factors, non-covalent or 

semi-covalent approaches can be used instead [58]. 

The non-covalent approach is now the most widely used method to prepare MIPs. This 

approach depends on many weak interactions between the functional monomers and 

 

Figure 1.4. Schematic illustration of general molecular imprinting process [55]. 
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the templates [59]. Commonly used non-covalent interactions are ionic, hydrophobic or 

hydrogen bond interactions. Without the formation and subsequent cleavage of chemical 

bonds, this approach made the removal process simpler as compared to covalent 

imprinting [55,57]. The main advantages of noncovalent imprinting include a large 

variety of functional monomers, high flexibility, low risk of template damage during 

polymerization, and rapid rebinding kinetics [58]. 

The third approach called "semi-covalent" is the combination of both covalent and non-

covalent processes. During polymerization, the template is covalently bound to the 

functional monomer, but non-covalent interactions are exploited during the rebinding 

[59]. This means semi-covalent imprinting owns the advantages of both other 

approaches, the stoichiometric and stable complex and the quick binding with easy 

removal process [57]. 

1.3.2 Template molecules and functional monomers 

The templates for molecular imprinting are selected depending on the MIP application 

purpose, namely the target molecule to be selectively recognized by the MIP. The 

templates can be biological molecules such as proteins, enzymes, amino acids, 

antibodies, bacteria, viruses, etc, or small organic/ inorganic molecules such as 

pesticides, antibiotics, metal ions, etc [60]. The three basic elements in the synthesis 

of MIPs are functional monomers, crosslinkers, and initiators. In order to construct 

highly selective cavities for the template molecule, the selection of a functional 

monomer is crucial. The optimal monomers for a noncovalent MIP synthesis are selected 

based on the consideration of the strength of interactions between functional groups of 

monomers and a template molecule. The cross-linker helps to manage the morphology 

of the MIP matrix [51,55,59].  

1.3.3 Synthesis methods 

Most often MIPs are prepared by free radical polymerization using a variety of methods, 

such as bulk, suspension, precipitation, and emulsion polymerizations. The latter three 

methods offer polymeric beads ready for various analytical applications, while bulk 

polymerization provides monoliths that need to be grinded in order to acquire smaller 

particles. Moreover, various synthesis approaches were introduced  to prepare MIPs 

such as sol-gel method [61], surface imprinting [62], nanoscale imprinting [63]  and 

solid-phase synthesis [64]. 

Electrochemically driven free-radical polymerization and sol-gel processing technology 

provide MIP production at room temperature with a possibility to integrate MIP films on 

a large number of different sensor transducers [65,66]. Electropolymerization is an 
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effective technique for producing morphologically controlled polymer films. It involves 

anodic oxidation of a monomer to obtain a radical cation [67]. These unstable radicals 

react easily with others, forming the polymer chain. With electropolymerization, polymer 

films with high adherence can be generated directly on the surface of conducting 

electrodes such as gold, platinum, glassy carbon, etc. The choice of monomer(s) and 

their ratio are critical to ensure its optimized performance [7,67]. The combination of 

two or more functional monomers that are complementary to different regions of the 

template has been used to improve multi-interaction between the template molecule 

and functional monomers. Multiple functional monomers imprinting strategy supplies 

multiple recognition sites to different regions of the template. When compared to MIPs 

synthesized from a single functional monomer, the MIPs prepared by this strategy have 

a significantly improved imprinting effect and a higher adsorption capability [15,68]. In 

this work, the copolymerization of two functional monomers, m-phenylenediamine 

(mPD) and 3-aminophenylboronic acid (APBA) was used to prepare MIP films possessing 

higher selective recognition cavities towards the analyte. 

1.3.4 Group-selective MIPs 

Recently, class-selective MIP or group-selective MIP (gMIP) were developed [13,16], 

which allows molecularly recognized groups of structurally similar molecules. In the 

synthesis process, the use of a single template as a substitute for a whole group takes 

full advantage of similar molecular structures among compounds. This method optimizes 

the preparation steps and reduces the needed template amount. This phenomenon is 

useful, particularly for polychlorinated aromatic compounds that occur as congeners or 

homologs, gMIPs will result in their enrichment and detection at the same time [69]. In 

natural waters, all the macrolides exist together, and more are posing a threat to 

humankind due to the emergence of antibiotic resistance. Researchers are working to 

look for better solutions with the possibility of deploying the newly developed 

technology, more reliable and cheaper to detect macrolides. Recently, the Ery detection 

method with real-time monitoring by preparing a MIP-based electrochemical sensor was 

developed by Syritski’s group. This thesis is aimed to extend the application of the gMIP-

sensor by developing a macrolide group-selective MIPs integrated with an 

electrochemical transducer. 

1.4 MIP-based sensor for pollutant detection 

A chemical sensor, which includes a recognition element and transducer, is a device that 

detects an analyte by transforming the chemical interaction into measurable signals 

[60]. To construct sensors, MIPs as recognition elements are integrated with a large 
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number of various transducers. There are many different types of MIP- sensors classified 

based on the physical properties of the sensor transducer such as electrochemical, 

optical, magnetic, thermal, piezoelectric sensors [8]. The reliable interfacing of a MIP 

layer with a transducer can be accomplished with the aid of different methods including, 

for example, surface-initiated controlled/living radical photopolymerization [70] and 

electropolymerization [7]. The latter method has the advantages of the easier on-step 

synthesis, the possibility of a fine control of the polymer thickness by changing the total 

charge flowing at the electrode and high reproducibility. The environmental pollutants 

detection sensors are applied for aqueous media, some of them are used in the gas 

phase [71]. 

1.4.1 Electrochemical sensors 

MIP-based electrochemical sensors have many advantages, including ease of 

preparation, high selectivity, portability, and inexpensive cost [72]. In case of 

electrochemical MIP-based sensors, a typical three-electrode setup with a MIP-modified 

working electrode gives signals when contacted with target molecules [7,73]. The 

changes of electrical signals (mostly current or potential) relative to the target analyte 

concentration are recorded. When analyte molecules rebind to the MIP film, they block 

the pathway of ions, resulting in a reduction in redox marker permeation (Fig. 1.5) [72]. 

Many electrochemical techniques, such as CV, EIS, and DPV can be used to evaluate the 

permeation of redox-active markers [74].  

The electrochemical MIP-based sensors for detection of heavy metals, pesticides, 

pharmaceuticals, and other pollutants from water samples have been reported  [11]. 

Numerous studies about MIP-modified electrochemical transducer have been reported 

to detect emerging contaminants such as gold electrode (to detect 17β-estradiol) [75], 

 

Figure 1.5. Illustration scheme of analyte molecules that prevent the redox probe from diffusing 

by filling the imprinted cavities [72]. 
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boron-doped diamond electrode (cefalexin) [76], screen-printed electrode (ion Cu) [77], 

glassy carbon electrode (N-nitrosodimethylamine) [78], ect. In this work, Screen Printed 

Electrodes (SPE) was chosen as a low-cost electrochemical transducer to combine with 

a MIP layer. 

1.4.2 Screen-printed electrodes 

In past years, Screen Printed Electrodes (SPEs) have been widely used as 

electrochemical sensing platforms due to the affordable prices and easy-to-use.  Another 

benefit associated with SPEs is the reduction of sample volume up to microliters that 

helps decrease the total size of the diagnostic instrument. SPEs are perfectly suited for 

the development of portable devices performing rapid and accurate in-situ analysis [79].  

A standard SPE is made from a chemically inert substrate such as plastic or ceramic and 

three electrodes, working electrode (WE), reference electrode (RE) and counter 

electrode (CE), respectively, as shown in Fig. 1.6. The WE is the key electrode that 

offers an analyte recognition platform. The CE and RE are surrounded to complete the 

circuit. The most widely used pastes for printing SPEs are silver ink and carbon ink. WEs 

are mainly printed with graphite carbon inks, while other materials including gold, 

platinum inks, etc. also can be used to prepare SPEs depending on requirements and 

applications [80,81]. Carbon ink is a popular material because it can be modified, 

chemically inert, and fairly inexpensive. Gold is a better conductor, so the gold paste is 

also often used but at a higher price than carbon. Gold electrodes SPEs are employed 

for some specific purpose such as electrochemical biosensors when working with 

enzymes, protein, etc [79,80]. 

 

Figure 1.6. Representation of a SPE including three electrodes (WE, RE, and CE). 
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1.5 Experimental methods 

1.5.1 Cyclic voltammetry 

Cyclic Voltammetry (CV) is an effective electroanalytical technique commonly used to 

monitor electrochemical processes occurring on the surface of a conductive electrode at 

the molecular level [82]. It is a useful method for the rapid determination of the 

thermodynamics of redox processes. CV provides qualitative details about 

electrochemical processes under different conditions, such as the intermediate roles in 

oxidation-reduction reactions and the reversibility of a reaction. Furthermore, cyclic 

voltammetry can be used to study the electrical charge transfer blocking properties of 

insulating film-modified electrodes [83]. 

Cyclic voltammetry experiments are usually conducted in an electrochemical cell 

consisting of the electrolyte solution and three electrodes including WE, RE, and CE. A 

potentiostat is used to linearly sweep the potential between reference and working 

electrodes till reaching the preset limit then sweep in the opposite direction. During this 

process, the chemical can lose electrons (oxidation) or obtain electrons (reduction) 

based on the direction of the sweeping potential [82,83]. Fig. 1.7 shows the relationship 

between the applied potential, E and current I. The shape of 2 peaks came from 

equilibrium which is described by the Nernst equation (Eq. 1.1). 

The Nernst equation defines the equilibrium formed between the oxidized (Ox) and 

reduced (Red) electrodes. The potential (E) of an electrochemical cell in relation to the 

 

Figure 1.7. (A–G): Initial potential applied (A), Reduction peak (C), Higher potential limit (D), 

Oxidation peak (F), taken from [82]. 
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normal electrode potential (E0), and the relative behavior of the oxidized (Ox) and 

reduced (Red) analytes in the system at equilibrium:  

E=E0 + (RT/nF)ln(Ox/Red) = E0 + 2,3026(RT/nF)log(Ox/Red) (1.1) 

where E is the electrode potential, E° is the standard potential of the electrode (for 1M 

solution at 298 K), F is Faraday’s constant (96500 coulombs/mol), R is the universal 

gas constant (8,314 J/K∙mol), n is the number of electrons accepted during the change, 

and T is the temperature (K). 

1.5.2 Differential pulse voltammetry 

Differential Pulse Voltammetry (DPV) is a sensitive pulse technique that helps minimize 

the background effects and allows analysis down to the nanoscale. By this method, 

potential pulses are applied to the electrode after the initial potential is maintained for 

a specified period of time. The current is sampled just before and after pulse application 

and their difference is recorded in order to establish a DPV graph. Fig. 1.8 shows a 

typical DPV voltammogram consisting of the plot of recorded current versus the applied 

potential. The current peak is directly proportional to the concentration of the analyte 

at a close proximity to the electrode [84–86]. 

 

Figure 1.8. The typical response of current from applied pulse potential, taken from [86]. 

1.5.3 Electrochemical impedance spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique that has been 

used for over a century for purposes such as surface analysis, adsorption properties in 

the molecular level, and monitoring the operation of fuel cells and batteries as well as 

biomedical applications [87,88]. EIS involves the study of materials with ion conduction 

involving the movement of electron or ion vacancies [88]. The main advantages are 

high precision and sensitivity, EIS is a non-invasive technique and simple instrument, 

easy operation, and especially does not require the bulk size of materials [87,89]. 
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Electrochemical impedance is generally calculated by applying the AC potential and then 

by measuring the current through the system and finally determining the impedance 

Z=E/I with a unit of Z in Ω. The impedance is defined in terms of magnitude (Z0) and 

phase shift (φ) as (Eq. 1.2). 

Z = Et/It = E0sin(ωt)/I0sin(ωt+𝜑) = Z0sin(ωt)/sin(ωt+𝜑) (1.2) 

where Et is potential at time t, It is current at time t. 

Impedance is a complex number that is achieved by mathematical transformation. In 

the complex equation, the real part represents the resistors and the imaginary part 

represents the input of the capacitors and/or inductors. 

Z(𝜑) = E/I = Z0exp(j𝜑) = Z0(cos𝜑+jsin𝜑) (1.3) 

with:  

                                  Z = Z’+jZ’’=R - jX 

                           X=1/ωC 

                           j=√−1 

 

where R - the resistance (Ω), C - the capacitance (F), X - the reactance, and ⍵ - the 

applied angular frequency (rad/s).  

Nyquist plot is the plot where the real component Z' is displayed on the X-axis and the 

imaginary part Z'' is plotted on the Y-axis (Fig. 1.9.a). In this plot, two processes are 

distinguished, the first part is a semicircle corresponding to a charge-transfer-controlled 

process, where values on the Z' axis gives Re and Rct values; the second part is a line 

with a slope of 1 because Zw extrapolated to the X-axis allows the measurement of the 

Warburg coefficient (σ), which allows estimating the electroactive species diffusion 

coefficients. 

The Randles circuit (Fig. 1.9.b) is the most basic, describing a cell where a single-step 

Faradaic phase occurs. Re indicates the electrolyte resistance between the working and 

reference electrodes, Cdl expresses the double-layer capacitance, and Zf is the Faradaic 

impedance induced by the charge-transfer mechanism at the electrode-electrolyte 

interface. Zf is further known as charge-transfer resistance (Rct) and Warburg 

Impedance (Zw). Warburg Impedance reflects the effect of electroactive species mass 
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transfer. In this report, EIS is used as an estimation of the presence and thickness of 

the synthesized polymer layer on the working electrode [88,90,91]. 

1.5.4 Characterization of imprinting success 

There exist several methods specially developed to prove the formation of molecular 

imprints during the MIP synthesis protocol. A common practice is to synthesize another 

polymer called non-imprinted polymer (NIP) along with a particular MIP. The NIP is used 

as a reference to estimate the relative adsorption capacity and whether the cavities 

formed in the MIP matrix are indeed selective to the analyte. After synthesis steps, MIP 

and NIP should be spent through the same procedures and be characterized. Prior 

experiments have shown that the chemical and physical differences between NIPs and 

MIPs can be remarkable. Thus, MIPs are usually more porous due to the presence of 

imprinted cavities. NIP can be seen as background providing information about non-

specific binding [59,60]. The imprinting factor (IF) is used to evaluate the effectiveness 

of the imprinting process. IF is usually explained as the ratio between the analyte 

amount bound to MIP and the analyte amount bound to NIP. To calculate IF, a rebinding 

of the analyte on both NIP and MIP surfaces is studied and the adsorption isotherms are 

plotted. Adsorption isotherms reflect the dependency of a bound target's equilibrium 

concentration on the target concentration inside the solution and provide valuable 

information on the film's binding features [51,64,92]. In order to extract the binding 

parameters such as the maximal amount of adsorbed analyte and dissociation constant 

(KD), the adsorption isotherms are fitted to mathematical models such as Langmuir, 

Freundlich and combined Langmuir-Freundlich (LF). The LFI model was proved to match 

the practical adsorption isotherms of MIPs better than either the Langmuir or Freundlich 

models [12,93]. The LF isotherm is a mathematical model that determines the 

relationship between analyte concentrations in bound and free states in heterogeneous 

environments (Eq. 1.4) [94,95].  

 

Figure 1.9. (a) Nyquist Plot, where each dot indicates the impedance at a specified frequency. (b) 

Randles equivalent circuit. 
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Q = QmaxCm(KD+Cm) (1.4) 

where Q and Qmax are the fraction of MIP bound analyte and its saturation value, 

respectively; C is the concentration of an analyte in a solution; m is the heterogeneity 

index, which ranges from 0 to 1; KD is the dissociation constant at equilibrium. The LFI 

has been used successfully to simulate the adsorption activity of many heterogeneous 

structures such as gas adsorption from surfaces [96], affinity to polyclonal antibodies 

[97], metal ion adsorption [98] as well as MIP and NIP when the heterogeneity index m 

is lower than 1 [93,94]. One of the most appealing aspects of using the LF binding model 

to study MIPs is that the binding parameters such as mean binding affinity, and 

heterogeneity can be determined directly [93].  



 

25 

2. EXPERIMENTAL 

2.1 Chemicals and materials 

All the used chemicals listed in table 2.1, besides acetic acid given by Lach-ner, were 

purchased from Sigma. The chemicals were received and stored under standard 

conditions. The aqueous solutions were prepared with ultrapure water (resistivity 

18,2 MΩcm, Millipore, USA). Buffered phosphate saline PBS, (0,01 M, pH 7,4) was used 

in preparing all analyte solutions. Gold-coated screen-printed electrodes (Au-SPEs), 

model AC1, were obtained from BVT technologies (Czech Republic). Au-SPE includes a 

1 mm diameter circular Au working electrode, a silver reference electrode covered by 

AgCl, and a gold counter electrode. 

Table 2.1 List of chemicals used for this thesis’ experiments. 

Short name Components Purpose 

PBS Phosphate buffered saline solution 

(0,01 M, pH 7,4) 

Solutions for synthesis and 

analysis 
Redox probe K3[Fe(CN)6]/K4[Fe(CN)6] Solutions for CV, EIS, and DPV 

measurements 
AA10% Acetic acid 10% Template removal 
mPD 2-Methyl-2,4-pentanediol 

((CH3)2CCH2CHCH3) 
Functional monomer 

APBA 3-Aminophenylboronic acid Functional monomer  

NaF Sodium fluoride Boronic acid-1,2-diol stabilizing 
agent 

Ery Erythromycin, macrolide antibiotic Template, target analyte 

Cla Clarithromycin, macrolide antibiotic Target analyte 

Azi Azithromycin, macrolide antibiotic Target analyte 
Cipro Ciprofloxacin, fluoroquinolone 

antibiotic 
Interfering compound for the 
selectivity study 

Amo Amoxicillin, β-lactam antibiotic Interfering compound for the 
selectivity study 

SMZ Sulfamethizole, sulfonamide antibiotic Interfering Compound for the 

selectivity study 

2.2 Nuclear magnetic resonance spectroscopy 

13C nuclear magnetic resonance spectroscopy was carried out with the Bruker SMART 

X2S benchtop diffractometer model at the Department of Chemistry and Biotechnology 

of Taltech University. Samples were prepared in acetonitrile (ACN) solution as solvent. 

A molar ratio of 1:1 (Ery: APBA) was for the study. 

2.3 Protocols for gMIP film preparation 

gMIP is prepared on a working electrode of the Au-SPE following 2 main stages including 

electrochemical polymerization of mPD and APBA in the presence of Ery, Ery template 



 

26 

removal (washing out) from the polymer matrix. Finally, the rebinding step was 

processed with Ery, Cla, Azi. All experiments were carried out at room temperature. 

2.3.1 Electrodeposition of P(mPD-APBA)-Ery film on SPE 

Before electrodeposition, the new SPE was cleaned electrochemically in 0,1 M sulfuric 

acid solution by cycling the potential between 0,1 and 1,15 V at a scan rate of 100 mV/s 

for 15 cycles. To synthesize the polymer film, a constant potential of 0,5 V vs Ag/AgCl 

was applied to the working electrode of the SPE that is immersed in a PBS (pH 7,4) 

solution containing 10 mM mPD, 5 mM APBA and 2 mM Ery. These concentrations were 

determined during the optimization stage of gMIP preparation. Similarly, the NIP was 

prepared analogously to gMIP but excluding the addition of Ery in the synthesis solution. 

The thickness of both polymer films was controlled by the amount of electrical charge 

transmitted through the WE. This helps to ensure the formation of reproducible films at 

all times while also achieving similarity in the thickness of both gMIP and NIP. 

2.3.2 Template removal 

To remove the entrapped Ery molecules within the polymer layer, the polymer-modified 

SPE was immersed in 1 mL 5% acetic acid solution for 30 min. The acidic environment 

helps to break the boronate ester bonds between APBA and Ery as well as to dissociate 

the non-covalent hydrogen bonds between mPD and Ery. 

 

Figure 2.1. Schematics of the protocols for gMIP film formation on the Au working electrode of 

SPE, including A (Electropolymerization) and B (Template removal). At first, the SPE was 

processed by electropolymerization (A) in a solution containing mPD, ABPA, and Ery to form 

P(mPD-co-APBA-Ery). Secondly, the PSE with polymer layer on WE continued to go through 

template removal (B) in order to establish gMIP with binding sites. Finally, gMIP was ready for 

the rebinding stage [12]. 
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2.4 Characterization of gMIP preparation  

The different stages of gMIP preparation were monitored with electrochemical 

techniques such as differential pulse voltammetry (DPV), electrochemical impedance 

spectroscopy (EIS), and cyclic voltammetry (CV). All electrochemical measurements 

were performed with the SPEs from BVT of Czech Republic and were connected with an 

electrochemical workstation called potentiostat (model Reference 600, Gamry 

Instruments, USA) and connector ordered from Palmsens of Netherland (model PS-

CONN). 

2.4.1 Cyclic voltammetry 

CV measurements were conducted in a 1 M KCl solution containing 4mM redox probe 

K3[Fe(CN)6]/K4[Fe(CN)6]. The potentials were cycled between 0 and 0,5 V at a scan rate 

of 100 mV/s. Each sensor was subjected to at least three scanning cycles. 

2.4.2 Electrochemical impedance spectroscopy 

EIS experiments were performed in a 1M KCl solution consisting of 4 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] redox probe. An alternating potential with a 10mV amplitude 

and a frequency range of 0,1Hz to 100kHz were used. After at least three repeat times, 

the results were conducted. Using the equivalent circuit program included in Gamry 

Echem Analyst software, the impedance spectra were fitted to an equivalent electrical 

circuit. 

2.4.3 Differential pulse voltammetry 

DPV measurements have been performed in a 1M KCl solution containing 4mM redox 

probe K3[Fe(CN)6]/K4[Fe(CN)6]. DPV readings were done in the potential window 

between 0V and 0,4V with a pulse amplitude of 0,025V, a pulse width of 0,1s, a step 

potential of 0,005V, and a sample time of 0,5s.  

The current peak values of DPV were normalized using (Eq. 1.5) to acquire the gMIP 

response signals (In) [51,64,92]. 

 In = (I0 - I)/I0 (1.5) 

where I0 is the peak value measured by DPV before rebinding, and I is the peak value 

measured by DPV after rebinding. Both I0 and I are recorded at the equilibrium state 

and have units in Ampe (A). 
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2.5 Rebinding study 

To determine the performance of the prepared gMIPs, the sensors were tested for its 

rebinding capability at varying concentrations of the analytes. This was accomplished 

by recording the analyte-induced signals after incubating the sensor in analyte solution 

samples. A similar procedure was carried out with the NIP sensor to ensure the correct 

analysis of target induced response occurring on the gMIP sensor.  

Individual solutions of each analyte (Ery, Cla, Azi) were prepared at different 

concentrations: 1,6 μM, 8 μM, 40 μM, 200 μM, and 1000 μM. Prior to the rebinding of 

each analyte, the sensor was incubated in PBS solution (blank) for 10 min and the DPV 

baseline was obtained in redox solution following its stabilization. Subsequently, the 

sensor was incubated for 10 min in the analyte solution starting with the lowest 

concentration before the DPV measurements. The adsorption isotherms representing 

the relationship between the increase of analyte concentration C and sensor response 

In were plotted and fitted by the LF model (Eq. 1.6).  

In = ImaxCm(KD+Cm) (1.6) 

where In and Imax are sensor response signals after adsorption of the analyte at the 

concentration C and its saturation value, respectively; m is the heterogeneity index; 

and KD is equilibrium dissociation constant.  

The IF value was calculated from equation (1.7).  

IF = Imax(gMIP)/Imax(NIP) (1.7) 
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3.RESULTS AND DISCUSSION 

3.1 gMIP synthesis 

3.1.1 Functional monomers selection 

The performance of a MIP in selective binding of the target depends on the binding 

strength between functional monomers and a template molecule in the pre-

polymerization complex that enables molecular memory in the polymer matrix. 

Therefore, in order to select suitable functional monomers for a target/template 

molecule, the stability of the monomer-template non-covalent complex or the possibility 

of the formation of a reversible covalent bond between a monomer and a template 

should be carefully assessed. The computational calculations conducted in the previous 

study [12] revealed that mPD (Fig. 3.1a) is an optimal functional monomer for Ery by 

forming the non-covalent complex via the hydrogen bonds between mPD (the amino 

groups) and Ery (hydroxyl-, carbonyl, and carboxyl groups). In addition, it was also 

shown that the electropolymerization of mPD (Fig. 3.1a) resulted in a very homogeneous 

and stable polymer film (poly(mPD)) as well as the subsequently prepared MIP having 

the high recognition capacity towards Ery. At the same time, mPD-based MIP 

demonstrated significantly lower response towards the other macrolides such as Cla and 

Azi [12]. Therefore, in order to prepare a MIP capable of selective binding of larger 

numbers of macrolide group antibiotics, e.g. gMIP, the selection of functional monomers 

should be optimized. The imprinting strategy involving the use of multiple functional 

monomers could represent a promising solution to achieve the aim. 

Thus, in this study, 3-aminophenyl boronic acid (APBA) was chosen as the second 

functional monomer for gMIP synthesis to endow the gMIP with selective properties for 

 

Figure 3.1. (a) Molecular structure of m-phenylenediamine (b) Molecular structure of 3-

aminophenyl boronic acid. 
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macrolides (Ery, Cla, and Azi) recognition. APBA is an aniline derivative containing a 

boronic acid functional group (Fig. 3.1b). 

Boronic acid can form reversible covalent bonds with 1,2 or 1,3 diols containing 

compounds [99,100]. At a neutral pH or higher (pH ≥ 7), boronic acid of APBA 

transforms into an anionic tetrahedral acidic molecule that can directly interact with 1,2-

diols of neighbouring molecule (e.g Ery) to form a boronate ester covalent complex (Fig. 

3.2). The complex reversibly dissociates when decreasing pH to the range of 5 - 2 [101]. 

The chemo-selective ability of APBA towards diol-group containing compounds has been 

widely used in sensors intended for detection of saccharides, glycated-proteins, 

nucleotides compounds, and bacteria [103,104]. Nevertheless, phenylboronic acid-

based detection devices have many shortcomings, such as low stability and sensitivity, 

and difficulty separating background noise signals [105,106]. 

To study the interaction between APBA and 1,2-diol groups of Ery, the 13C nuclear 

magnetic resonance (NMR) spectroscopy was carried out to observe and strengthen the 

reason for choosing APBA. NMR spectroscopy is a reliable tool for analyzing mixtures at 

the molecular level without the need for isolation or purification steps [107,108]. 

The characteristic spectra of either Ery or APBA is clearly seen in the solution of 

individual molecules (Fig. 3.3). However, the spectra of their mixture at pH 7,4 revealed 

the disappearance of Ery characteristic peaks in the range 25-100 ppt, while these peaks 

are still visible on the spectra of mixture at pH 4. This indicates the formation of a 

covalent bond between Ery and APBA at pH 7,4 and the cleavage of this bond at pH 4. 

Thus, the spectroscopic study confirmed that APBA is a suitable functional monomer for 

Ery imprinting by covalent approach.  

 

 

 

Figure 3.2. Interaction of boronic acid and 1,2-diols in the aqueous phase [102]. 
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Although the combination of APBA and mPD has been reported before to prepare aerogel 

for silver separating purposes [109], to the best of author’s knowledge, this is the first 

time it is applied for preparing gMIP for group antibiotic recognition. The combination of 

two or more functional monomers for gMIP synthesis can provide multiple recognition 

sites to different regions of the template improving the selectivity as compared to gMIPs 

synthesized from a single functional monomer.  

3.1.2 Selection of electropolymerization potential 

The co-polymerization of the selected functional monomers, mPD and APBA, in the 

presence of Ery was initiated electrochemically by applying a constant potential to the 

gold working electrode of the SPE and resulting in the formation of polymer film P(mPD-

co-APBA-Ery) on the electrode. It is important to guarantee that the template molecules 

were not oxidized at the electrodeposition potential of the chosen monomers in order to 

maintain their structure. As a result, the CV analysis was performed to assess oxidation 

potentials of the template (Ery) and monomers (mPD, APBA). The CV scans (Fig. 3.4) 

indicated that the mPD and APBA monomers started oxidizing at about 0,3 V and 0,4 V, 

respectively, while Ery - at about 0,6 V. Due to the similar oxidation potentials of the 

two monomers, it is possible to synthesize the copolymer from the two monomers since 

the electrochemically formed radical cations of both monomers could combine together 

to create a copolymer [89]. Thus, electrodeposition was performed at a fixed potential 

 

Figure 3.3. Liquid-state 13C NMR spectroscopy of Ery, APBA and their mixture (molar ratio 1:1) at 

different pH. 
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of 0,5 V to ensure the formation of P(mPD-co-APBA-Ery) without affecting the structure 

of template molecules. 

3.1.3 Characterization of gMIP formation process  

EIS and CV measurements were performed at every stage of Ery-gMIP preparation (Fig. 

3.5) to observe the changes in charge transfer at the electrode/solution interface 

induced by the modification of SPE surface. The anodic and cathodic current peaks of 

CV suffered significant depression following electrosynthesis of poly(mPD-co-APBA-Ery) 

indicating the formation of a non-conducting film that obstructs charge transfer (Fig. 

3.5a). However, after acetic acid treatment, a substantial recovery of the peaks was 

observed, suggesting the removal of entrapped Ery molecules from the formed polymer. 

The similar behavior is observed with EIS spectra (Fig. 3.5b), where the semicircle, 

which represents the charge transfer resistance, greatly increased after 

electrosynthesis, followed by a subsequent decrease after treatment in acetic acid. To 

further confirm the formation of Ery induced imprints in the polymer, the preparation of 

the reference sensor (NIP) was subjected to similar CV and EIS measurements. It can 

be seen from Fig.3.5 that while poly(mPD-co-APBA) formation resulted in similar 

depression of CV current peaks and increase in EIS charge transfer resistance as in the 

case of poly(mPD-co-APBA-Ery), the treatment with acetic acid yielded much less 

changes in the measured parameters, thus validating the suggestion that the removal 

 

Figure 3.4. CV scans of 5mM mPD, 5mAPBA, 5mM mPD + 5mM APBA, 5mM Ery respectively. 



 

33 

of Ery from poly(mPD-co-APBA-Ery) resulted in the observed increase in charge 

transfer. 

3.2 Optimization of gMIP synthesis and performance 

Several parameters should be evaluated during the synthesis of a gMIP because they 

affect the polymer morphology, selective recognition properties, and performance of the 

resulting gMIP-sensor. In this study the following synthesis parameters were optimized: 

mPD:APBA concentration ratio, Ery:mPD:APBA concentration ratio, effect of sodium 

fluoride addition, and pH of polymerization solution. To assess the effect of the selected 

parameter on the resulting gMIP properties, the gMIP-modified SPE response signals 

towards a fixed concentration of Ery were recorded and compared. 

3.2.1 Monomers concentration ratio 

The gMIPs were synthesized using five different mPD:APBA molar ratios, namely 15:5, 

10:5, 5:5, 5:10, 5:15. The gMIP-modified SPE responses upon Ery rebinding are shown 

in Fig. 3.6. As can be seen the highest signal belongs to the sensor modified with gMIP 

prepared at mPD:APBA ratio of 10:5. Consequently, this mPD:APBA molar ratio was 

selected as an optimal for gMIP formation. 

 

 

 

Figure 3.5. CV (a) and EIS (b) characterization of gMIP preparation on SPE. The measurements 

were performed in 1 M KCl solution containing 4 mM K3[Fe(CN)6]/K4[Fe(CN)6]. 
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3.2.2 Template:monomer concentration ratio 

The stoichiometric ratio of template and monomers highly influences the effectiveness 

of molecular imprinting. This is extremely crucial in non-covalent molecular imprinting, 

where the performance of gMIP is decided by pre-polymerization complexes. According 

to previously published studies on non-covalent imprinting, the maximal gMIP 

performance was achieved at the template:monomer ratio less than 1, at the same time 

further changes in template concentration may lead to the failures of gMIP performance 

optimization [63,68]. The high ratio of functional monomers to a template usually 

results in high non-specific affinity, whereas low ratios result in fewer complexation 

events because of inadequate functional groups. To study for optimum efficiency, 

various combinations of ratios were investigated by fixing the monomers concentration 

ratio mPD:APBA at 10 mM: 5 mM, and varying Ery concentration from 1 to 5 mM. As 

can be seen from Fig. 3.7 the highest response signal was achieved for a sensor modified 

with gMIP synthesized at Ery:mPD:APBA molar ratio of 2:10:5. This indicates that at 

this optimal concentration ratio of template to monomers, gMIP with a greater ability to 

selectively recognize the target at the molecular level was formed. 

 

 

Figure 3.6. Response signals of gMIP-modified SPE upon the incubation in 40 µM Ery solution in 

PBS. gMIPs were prepared using different ratios of mPD:APBA  (15:5, 10:5, 5:5, 5:10, and 5:15). 
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3.2.3 Sodium fluoride addition 

It has been previously observed that polymerization of APBA even in the form of a 

complex with 1,2-diols is difficult to achieve with zero or low concentration of NaF. The 

observation was explained as the result of intermolecular amine–boronic acid 

interactions that would be disrupted by the addition of fluoride. In the absence of 

fluoride, although an anionic tetrahedral complex may be formed between the boronic 

acid group and the diol, polymerization would not occur since the amine would be tied 

up in the complex and perhaps because of steric complications. 

Thus, the electropolymerization of P(mPD-co-APBA-Ery) was carried out in the presence 

of low and high amounts of NaF (0, 5, 250 mM) to estimate the influence of NaF on the 

gMIP-modified sensor response. As shown in Fig. 3.8, the sensor response grows with 

increasing NaF concentration in polymerization solution. Thus, the addition of 250 mM 

NaF to the polymerization solution helped to generate gMIP capable of the strongest 

rebinding of Ery. 

3.2.4 pH optimization 

The effect of pH during P(mPD-co-APBA-Ery) electropolymerization on the performance 

of the resulting gMIP was studied. As can be seen from Fig. 3.9, the maximal current 

 

Figure 3.7. Response signals of gMIP-modified SPE upon the incubation in 40 µM Ery solution in 

PBS. gMIPs were prepared with various Ery:mPD:APBA ratios (5:10:5, 4:10:5, 3:10:5, 2:10:5 

and 1:10:5). 
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response of gMIP-SPE sensor toward 40 µM Ery was observed in the case when gMIP 

was synthesized at pH 7. This indicates that the resulting gMIPs possessed higher 

binding affinity to Ery as compared to gMIPs prepared at lower pH. Moreover, as 

mentioned earlier, boronic acid has a low affinity toward diols at low pH that raises when 

pH is increased. Therefore, pH 7 was chosen as the optimal condition for rebinding 

macrolides to the gMIP-SPE sensor. 

3.3 Rebinding study 

To evaluate the molecular recognition properties of the prepared gMIP towards the 

target analytes (Ery, Cla, Azi), the rebinding study was carried out. For this purpose, 

the responses of the gMIP-modified sensor to the increasing analyte concentration were 

plotted as a function of analyte concentration to construct an adsorption isotherm. The 

adsorption isotherm was subsequently fitted to the Langmuir-Freundlich model (Eq. 1.6) 

to determine the response at maximum adsorption Imax, and the equilibrium dissociation 

constant KD. The mathematical equation derivable from the model gives an accurate fit 

to the adsorption isotherms of the sensor to all analyte, thus indicating that a certain 

degree of heterogeneity is introduced within the polymer during imprinting [110].  

 

Figure 3.8. Response signals of gMIP-modified SPE upon the incubation in 40 µM Ery solution in 

PBS. The effect of NaF addition at concentration of 0, 5, and 250 mM to the polymerization solution 

for gMIP preparation. 
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Figure 3.10 shows the adsorption isotherms of both gMIP and NIP sensors to the 

increasing concentration of each analyte. As observed, the responses of the gMIP to 

each analyte is much higher than the corresponding NIP responses. This is also shown 

by the higher Imax values (1,6, 1,0 and 1,1) of the gMIP with respect to the NIP (0,3, 

0,2 and 0,2), Table 3.1. To better appreciate the gMIP performance, the relative 

adsorption capacities computed from the IF (Eq. 1.7) were obtained. As seen in Table 

3.1, the sensor demonstrates approximately 5 times higher responses for all analytes 

than the NIP. This clearly suggests that the binding sites created within the polymer 

significantly contribute to each analyte recognition.  

 

Table 3.1 Parameters derived from fitting the Ery adsorption with Langmuir-Freundlich isotherm. 

Fitting 
Parameters 

Ery Cla Azi 

gMIP NIP gMIP NIP gMIP NIP 

Imax 1,6 ± 0,2 0,3 ± 0 1,0 ± 0,1 0,2 ± 0,1 1,1 ± 0,1 0,2 ± 0,1 
KD (µM) 8,4 8,8 2,1 5,2 5,1 3,2 

m 0,3 0,4 0,3 0,5 0,4 0,4 
IF 5,3 5,0 5,5 

R2 0,9894 0,9956 0,9908 

 

Figure 3.9. Response signals of gMIP-modified SPE upon the incubation in 40 µM Ery solution in 

PBS. gMIPs were prepared at different pH values (pH 3, pH 5, pH 7, pH 9, pH 11). 
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3.4 Group-selectivity of the prepared gMIPs 

The interfering molecules may affect the performance of a gMIP sensor by interacting 

with the gMIP binding sites when measuring environmental samples. Selectivity, or the 

ability to preferentially bind to the target in the presence of interfering molecules, is one 

of the factors deciding the quality of a MIP sensor. Selectivity study was conducted by 

measuring the responses of gMIP and NIP sensors upon incubation in individual solutions 

of 6 different antibiotics: Cipro, Amo, SMZ, Ery, Cla, and Azi. While Ery, Cla, Azi are 

macrolide antibiotics, the three others belong to different antibiotic groups: Cipro - to 

quinolone, Amo - to beta-lactam, and SMZ - to sulfonamide groups. The results showed 

that gMIP had a stronger response to Ery, Cla, and Azi than to Cipro, Amo, and SMZ 

(Fig. 3.10). The higher NIP signals of Ery, Cla, and Azi compared to others can be 

attributed to non-specific responses of functional monomers towards macrolides. Thus, 

the results indicated that prepared gMIPs had a very high recognition capacity towards 

macrolides and demonstrated their appreciable discrimination against interfering 

compounds. 

 

Figure 3.10. Binding isotherms of a: Ery, b: Cla, c: Azi to the gMIP and NIP-modified SPEs 

following with 1,6 to 1000 µM in PBS buffer, fitted by Langmuir-Freundlich isotherm. 
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Figure 3.10. Response signals obtained from incubation of gMIP and NIP sensors in 40µM of 

different antibiotics (Cipro; AMO; SMZ; Ery; Clari; Azi) in PBS. 
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SUMMARY 

In this thesis, a gMIP based recognition film was prepared on a screen-printed electrode 

(SPE) to achieve an electrochemical sensor for detecting macrolide group of antibiotics 

that are commonly presented in the EU's surface water watch list of environmental 

pollutants (Ery, Cla, and Azi). The following summary can be drawn from the study:  

● Two monomers including meta-phenylenediamine (mPD) and 3-aminophenyl 

boronic acid (APBA) were chosen as electro-polymerizable functional monomers to 

create macrolide imprints within poly(mPD-co-APBA). While mPD provides a non-

covalent interaction (via H-bond) with the template (Ery), APBA interacts covalently 

through the formation of boronate ester complex by the interaction of boronic acid and 

diols. 

● Optimization of gMIP preparation indicates that the gMIP performance is affected 

by the molar ratio between template and functional monomers, concentration of NaF 

and the pH of solution. Thus, the optimal conditions for synthesizing a macrolide 

selective gMIP were found to include an Ery: mPD: APBA molar ratio of 2:10:5 mM, 250 

mM NaF, and a pH of about 7. 

● The rebinding of each macrolide (Ery, Cla, Azi) on the sensor was modelled by 

the Langmuir-Freundlich adsorption equation which revealed approximately 5 times 

higher rebinding responses for each analyte than the corresponding reference sensor, 

NIP. 

● The prepared sensor showed remarkable selectivity for Ery, Cla, Azi against other 

non-macrolide compounds such as Cipro, Amo, and SMZ. 

In conclusion, this thesis has demonstrated the achievement of the main goal of the 

research which is to develop gMIP for macrolide class of antibiotics by using two 

functional monomers to enhance the selective recognition of the target macrolides. To 

further establish the potential usability of the sensor for the intended application, future 

research would focus on testing the sensor in real media (e.g samples from surface, 

river, and underground water) as well as establishing its point of testing capability. 
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