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ABSTRACT 

The research work presented in this thesis discusses the fabrication of an electrochemical sensor 

utilizing a molecularly imprinted polymer approach, which provides quantitative information 

for detecting antibiotic residues in various fields. Antibiotics are a class of chemical compounds 

that are extensively used to cure and prevent infectious diseases in humans, animals, and 

aquaculture due to their bacteriostatic and bactericidal actions. However, most of these 

antibiotics are non-biodegradable and can be excreted in the form of metabolites in the 

environment through human or animal excreta, wastewater discharge, and agricultural land 

runoff. Additionally, the misuse of veterinary medicine can lead to residues in animal-derived 

foods, including milk, eggs, meat, and fish. These residual antibiotics or their metabolites can 

lead to several problems, including bacterial resistance, allergic reactions, liver damage, and 

cancer, thus posing a huge threat to human and animal health. Therefore, developing a sensitive 

and effective detection technique is crucial and necessary to accurately monitor trace amounts 

of antibiotic contamination, thereby protecting living beings from its injurious effects. The 

analytical methods commonly used for antibiotic detection are based on spectroscopic and 

chromatographic techniques, which have certain limitations, including long analysis times, 

complexity, and high expenses associated with operating highly specialized equipment, as well 

as low sensitivity. To overcome these limitations, we require a new method that is simple, cost-

effective, has a low detection limit, and is easy to use. 

Recently, electrochemical sensors have emerged as an attractive alternative to these 

conventional techniques due to their fast response, high sensitivity, the possibility of real-time 

analysis, and cost-effectiveness. However, natural receptors, such as antibodies, enzymes, and 

hormones, are utilized by these electrochemical sensors as their recognition components. 

Despite their high selectivity and sensitivity, they remain costly and sensitive to environmental 

factors. In this context, a molecularly imprinted polymer (MIP) is a suitable alternative due to 
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its ease of preparation, high selectivity and low cost. MIPs are synthetic materials with high 

recognition binding cavities that target the analyte. MIP films are fabricated via the 

electropolymerization of functional monomers in presence of template molecules (analyte) on 

the surface of electrode. Following electropolymerization, the embedded template molecules 

are extracted from the polymer matrix, leaving behind the cavities that resemble the template 

molecules’ size, shape, and functional groups. Although MIPs have garnered considerable 

attention due to their unique recognition ability and high selectivity efficiency, they have 

several drawbacks, including low sensitivity, poor adhesion to the electrode surface, and high 

diffusion barriers. In this regard, incorporating 2D materials with the MIP electrochemical 

sensor can enhance the imprinted cavities and facilitate electron transfer. 

Further, a novel two-dimensional material, MXene, an emerging transition metal carbide or 

carbonitrides, has been recognized for its electrochemical applications due to its high surface-

to-volume ratio, superior hydrophilicity, good electrical conductivity, large specific area, and 

superior electron transport ability. Integrating MXene with other components or 

functionalizing its surface can impart additional advantageous properties to the resulting 

composites through synergistic effects, thus enhancing the overall biosensing capabilities. This 

work mainly focuses on the synthesis, characterization and application of MXene (Ti3C2Tx) 

and its composites with TiO2, CuS, and Ag for the fabrication of a highly sensitive and selective 

MIP-based electrochemical sensor for the detection of antibiotic, i.e., levofloxacin. The 

synthesized material was electrophoretically deposited on the ITO-glass surface and then the 

modified electrode was coupled with the MIP film through electropolymerization. 

Furthermore, electrochemical response studies were performed using DPV and EIS techniques. 

Finally, the applicability of the fabricated platforms was validated with spiked real samples 

which prove their efficiency. 
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 Introduction & Literature Review 

1.1 Introduction to Antibiotics 

Antibiotics, named as “wonder drugs,” have caused a remarkable revolution in the medical 

field over the twentieth century [1]. These are chemical compounds that can inhibit the 

growth or kill the microorganisms. In both humans and animals, they are widely used to 

treat and prevent bacterial infections. Penicillin, the first antibiotic in human history, was 

discovered in 1929 by Sir Alexander Fleming. Since then, numerous other antibiotics have 

been developed and utilized to safeguard human and animal health [2]. Based on their 

actions, antibiotics are divided into two categories: (i) Bacteriostatic agents and (ii) 

Bactericidal agents. Bacteriostatic kills bacteria, whereas bactericidal inhibits their growth. 

A brief history of different classes of antibiotics is illustrated in Fig. 1.1. 

Fig. 1.1 A brief history of antibiotics

CHAPTER‒ 1 
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1.2 Classification of Antibiotics  

 
Antibiotics’ diverse range has given rise to a number of classification schemes, commonly 

based on their sources, chemical structure, spectrum of activity, and mechanism of action. 

1.2.1 Based on Sources 

Based on the source, antibiotics can be broadly classified in three categories, namely, 

natural, semi-synthetic and synthetic. 

• Natural antibiotics: These antibiotics are being obtained directly from natural sources, 

including plants, herbs, or microorganisms, and have the ability to damage or eradicate 

specific bacterial, viral, or fungal diseases [3]. Examples: garlic, turmeric, echinacea, 

penicillin. 

• Semi-synthetic antibiotics: These antibiotics retain the original chemical compound 

from microbes and undergo additional modification to improve stability and reduce 

toxicity. Examples: aminoglycosides, tetracyclines [4]. 

• Synthetic antibiotics: These antibiotics are obtained through chemical synthesis in the 

laboratory and utilized to combat dangerous microbes in our surroundings. Examples: 

ampicillin, sulfonamides [3]. 

1.2.2 Based on the Spectrum of Activity 

An antibiotic’s spectrum of activity refers to the variety of microorganisms it can suppress or 

eradicate. Based on this activity, they are divided into two categories: 

1. Narrow-spectrum antibiotics:  This type of antibiotics act against a certain type of bacterial 

species (either gram-positive or gram-negative). Examples include fidaxomicin, 

sarecycline and vancomycin. 

2. Broad-spectrum antibiotics: This type of antibiotics are effective against both gram-

positive and gram-negative microorganisms. Examples include doxycycline, 

fluoroquinolones and azithromycin [5]. 
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1.2.3 Based on Chemical Structure 

The effect of antibiotics on a particular species of bacteria is determined by its molecular 

structure. Antibiotics belonging to the same structural groups usually exhibit similar patterns 

of efficacy, toxicity and allergic potential side effects [6]. They are classified into various 

classes based on their chemical structure including β-lactams, fluoroquinolones, macrolides, 

sulfonamides, glycopeptides, aminoglycosides and tetracyclines, as shown in Fig. 1.2.  

 

Fig. 1.2 Chemical structures of different classes of antibiotics 

1.2.4 Based on the Mechanism of Action 

The ability of antibiotics to inhibit bacterial growth by disrupting microorganisms' 

metabolic activities allows them to be classified by mode of action. The microorganisms 

need this machinery to survive, maintain, and replicate. As shown in Fig. 1.3 below, 

antibiotics are supposed to damage the bacterial cell membranes by one or more modes of 

action [7, 8]. 

Mode 1: Inhibition of the cell wall: Most bacteria break down or die without the protection 

of their rigid cell wall. In this mechanism, the antibiotics work by inhibiting the bacterial 

enzymes (peptidases) that aid in synthesizing the rigid cellular wall. 
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Fig. 1.3 Mechanism of antibiotics function 

Mode 2: Protein synthesis inhibition:  The primary building block for the synthesizing 

protein is the ribosome. Here, antibiotics work by attaching to the structural subunits and 

preventing protein synthesis, which disrupts the ribosomal activity. 

Mode 3: Cell membrane disruptors: Antibiotics damage the bacterial cell membranes' 

integrity by interacting with the membrane’s lipids, which results in cellular content leakage 

and death. 

Mode 4: Genetic synthesis interference: Here, antibiotics block the DNA polymerase 

enzyme, which facilitates DNA sequence replication and the growth of resistant bacteria. 

Thus, cell death results from a disturbance in bacterial DNA synthesis. 

Mode 5:  Inhibition of RNA synthesis: In this mode, the messenger RNA transcription 

suppresses which in turn prevents the synthesis of protein and causes cell death. 

Mode 6: Inhibition of metabolic pathways: Here, the antibiotic stops the further synthesis 

of the end product by metabolically inhibiting the enzyme that is responsible for the 

synthesis of metabolic end product.       
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1.3 Benefits of Antibiotics in Humans and Livestock/Animals 

Antibiotics’ discovery or innovation in science is a boon to humans and livestock/animals. 

When administered carefully, the antibiotics serve as life-saving drugs to safeguard both 

humans and animals from bacterial infections. In humans, various bacterial infections such 

as respiratory infections, skin and soft tissue infections, urinary tract infections, pneumonia, 

sinusitis, sepsis, bronchitis and bone and joint infections [9] are being treated. In 

animals/livestock, antibiotics are effective in treating gastrointestinal, urogenital and 

respiratory infections. Their use not only reduces the bacterial infections but also acts as a 

growth promoter, improving the mass growth rates and efficiency of livestock animals in 

food production [10]. 

 1.4 Impact of Antibiotics on Human Health and Environment 

Antibiotics have emerged as groundbreaking medications in the health industry for the 

treatment of infections in both humans and livestock. However, due to their structural 

complexity, most antibiotics are excreted in their original forms which contaminates the 

soil and natural water resources. In addition, the excessive use of these antibiotics in 

livestock and aquaculture industries may result in antibiotic residues in foodstuffs such as 

meat, milk, eggs, honey, chicken and fish which are consumed by humans (Fig. 1.4). 

Antibiotic concentrations typically vary from ng to μg in environmental samples [11]. 

However, excessive levels of antibiotic residues may lead to toxic effects on human health 

such as reproductive disorders, nephropathy, mutagenicity, hepatotoxicity, carcinogenicity 

and allergic reactions [12]. In addition to these infections, the WHO declared antimicrobial 

resistance (AMR) a global threat to public health. According to its report, AMR is one of 

the leading causes of mortality globally with 1.27 million deaths reported directly from 

AMR in 2019 and contributing to about 5 million deaths globally. According to the studies, 

AMR may cause more than 8 million deaths annually, more than the total deaths from 
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diabetes and cancer [13] by 2050. Therefore, an efficient technique is crucial for the 

quantification, rapid and effective detection of antibiotics.  

 

Fig. 1.4 Schematic illustration of the circulation of antibiotics in the environment 

 1.5 Detection Techniques of Antibiotics 

To achieve the benefits of antibiotics while minimizing the health problems arising from 

their misuse, a highly reliable technique is required to optimally detect them in real 

samples. Over the past few decades, numerous detection methods have been developed to 

address this issue. 

1.5.1 Conventional Detection Methods 

The analytical techniques frequently used for quantifying antibiotics include high-

performance liquid chromatography (HPLC) [14], flow injection spectrophotometry [15], 

capillary electrophoresis [16], nuclear magnetic resonance spectroscopy [17], 

chemiluminescence [18] and enzyme-linked immunosorbent assay (ELISA) [19]. Although 

these technologies are reliable and susceptible but their applications are restricted due to 

their high cost, complex sample pre-treatment, time-consuming processes and inability for 
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on-site detection [20]. Due to these shortcomings, such techniques (Fig. 1.5) can be 

replaced with advanced analytical methods that provide a rapid, straightforward and highly 

sensitive channel for antibiotic identification. 

 

Fig. 1.5 Conventional techniques for antibiotic detection 

 1.5.2 Sensors: Advanced Detection Tool 

Recently, sensors with the advantages of low cost, ease of miniaturisation, rapid response, 

high portability and sensitivity have gained popularity as an attractive alternative to 

traditional methods. The term “sensor” originates from a Latin verb “sentire” which means 

“to perceive”. A sensor is an integrated device that provides precise quantitative or semi-

quantitative analytical data by placing a recognition element in direct spatial contact with 

a transducer [21]. It primarily consists of two major components: a recognition element or 

receptor for selective target identification and a transducer for signal amplification as 

shown in Fig.1.6. As a recognition element in a sensor (biological receptors such as 

enzymes, nucleic acids, antibodies or synthetic receptors like molecularly imprinted 

polymers, nanomaterials etc.), receptors have the ability to bind to analytes with precision, 

leading to highly specific detection. The transducer is responsible for converting the output 

received from the interaction of the target analyte with the recognition element into 
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detectable electrical signals [22]. In other words, it converts one form of energy to another 

and the process is called signalization. 

Depending on the sensing mechanism used, transducers are classified into various 

categories, including optical, electrochemical, thermal and piezoelectric transducers [23] 

etc. Among all these, electrochemical transducers are used more frequently for sensing 

applications due to their rapid responses, simplicity, good sensitivity and high selectivity 

and reproducibility. 

Fig. 1.6 Schematic representation of a sensor 

Electrochemical sensors, a subcategory of chemical sensors, are an integrated tool that 

transforms the electrochemical reactions into measurable electrical signals. They consist of 

a three-electrode system, primarily comprising of Ag/AgCl, which serves as a reference 

electrode, Pt functions as a counter electrode and the fabricated electrode acts as working 

electrode [24]. The interaction between an analyte and recognition element causes a change 

in current, potential and impedance which further categorises an electrochemical sensor into 

four distinct types as given in Fig. 1.7. 

1. Amperometric sensor: This technique involves measuring the change in current response

at a constant potential. A steady voltage is applied to the working electrode, causing a 
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current to flow in the amperometric sensor, which is recorded as a function of time. They 

offer sensitive and selective measurements depending on a particular potential for a 

given analyte. Amperometric sensors have diverse analytical applications in clinical 

diagnosis, environmental monitoring, neurotransmitter and biomarker detection. 

2.  Potentiometric sensor: These sensors make a prominent class of electrochemical sensors 

that assess the potential difference between indicator and reference electrodes resulting 

from the redox reaction of the analyte with the recognition element. These are employed 

in ion, gas and pH sensing applications. 

3. Conductometric sensor: They measure the electrical conductivity driven by the changes 

in charge carrier mobility and concentration during the chemical reaction between the 

two-electrode system in a solution. They are made up of two or more electrodes with an 

insulating layer between them. The conductivity of the solution around the electrodes 

changes as a result of the target analyte’s interaction with the receptor. The analyte 

concentration is responsible for the measurement and correlation of this change. 

4. Impedance sensor: This sensor is an emerging class of electrochemical technique where 

impedance is measured by applying a tiny sinusoidal potential to the working electrode 

of an electrochemical cell, where the resulting current is monitored in the frequency 

dependence.  

The biological or chemical molecular recognition component serves as the sensor's interface, 

selectively binding to the target analyte. Antibodies, enzymes and nucleic acids are primarily 

used as recognition elements in sensors; however, their practical applications  are hindered 

by their high cost, limited environmental tolerance and short shelf life [25]. Presently, the 

research focuses on developing artificial receptors that mimic the sensitivity and selectivity 

of natural bioreceptors. 
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Fig. 1.7 Classification of sensors 

1.6 Molecularly Imprinted Polymers (MIPs) 

The concept of molecularly imprinted polymer (MIP) was initially introduced by Wulff and 

Mosbach in the 1970s. Wulff developed the covalent approach for imprinting, whereas 

Mosbach demonstrated the effectiveness of the non-covalent approach, which is now 

frequently used to synthesize MIP [26]. MIPs are tailor-made synthetic polymer materials 

that mimic natural bioreceptors by having specific binding sites that serve as recognition 

sites for the target analyte [27]. These are prepared by mixing the template molecules with 

the monomers in an inert solvent, resulting in the formation of a pre-polymerisation 

complex. Afterwards, the template molecules are extracted from the polymeric matrix, 

leading to the formation of binding cavities that complement the shape, size and chemical 

functionalities of the target analytes [28]. In this way, molecular memory is created in the 

polymeric matrix, which acquires the capability to selectively bind the target analyte with 

high precision (Fig.1.8). Due to their long-term stability, predetermined selectivity and 

tolerance to harsh environmental conditions, they are widely applied in various fields 

including chromatography, drug delivery, solid-phase extraction and sensor development 
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[29]. Their combination with electrochemical sensors increases their potential use in 

biomedical and clinical diagnostics such as biomarkers or pathogen detection and 

environmental monitoring including the detection of pesticides, heavy metals and 

pollutants making them valuable tools in a variety of sensing applications. 

 

Fig. 1.8 A pictorial view of the MIP film 

1.6.1 Working Principle of MIP Based Electrochemical Sensor 

The basic principle of MIP-based electrochemical sensor is to imprint molecular cavities 

in synthetic materials that selectively recognise and bind the target analyte, transforming 

these binding events into an electrochemical signal. The fabrication of MIP-based 

electrochemical sensor involves four consecutive steps: 

1. Preparation of template: In this step, the template molecules (target analyte) and selected 

functional monomer in a solution form a stable pre-polymerization complex. Depending 

on the chemical functionalities of monomers, the interaction between template 

molecules and monomers can either result in the formation of covalent bonds or non-

covalent bonds including hydrogen bonding, hydrophobic interactions and electrostatic 

forces. 
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2. Polymerization: In this step, the functional monomer polymerized around the template

molecule to form the rigid polymer matrix. Different polymerization processes have been 

employed, each with unique characteristics depending on the application and required 

MIP properties. 

3. Elution of template molecules: During this process, the embedded template molecules are

removed from the polymeric film which leads to the formation of abundant binding 

cavities that are complementary in functionality, shape and size of the target analyte. 

4. Binding of template molecules: In this step, upon exposure to the template molecules, the

imprinted cavities recognize the complementary template molecules thus contributing to 

MIP selectivity [30]. 

1.6.2 Imprinting Approaches 

Based on the interactions between the functional monomers and the template molecule, 

three different strategies like covalent, non-covalent and semi-covalent imprinting methods 

have been established for the molecular imprinting process. 

 1.6.2.1 Covalent Imprinting 

The concept of covalent approach was developed by Wulff and co-workers, in which the 

functional monomers and template molecules are bonded together through covalent bonds 

during the polymerization process. After polymerization, the covalent linkage between the 

monomer and template molecules is chemically cleaved, resulting in imprinted cavities with 

functional groups that allow the template molecules to bind, re-establishing covalent 

interactions. High stability of the covalent bond leads to the formation of an even distribution 

of binding sites within the synthesized polymer. However, the strong covalent interactions 

between the monomer and template molecules make the rebinding process sluggish, due to 

which the covalent rebinding process is thought to be less versatile [27, 31]. 



Chapter-01: Introduction & Literature Review 

 
13 

 

1.6.2.2 Non-Covalent Imprinting 

Mosbach and co-workers have developed the most widely used approach as non-covalent 

imprinting which involves the non-covalent interactions like hydrogen bonding, 

electrostatic interactions and van der Waals forces between the template and functional 

monomers. This is a simple technique that requires a suitable solvent to extract the template 

molecules leaving behind imprinted cavities tailored to the template molecules. In 

comparison to covalent imprinting, non-covalent imprinting possesses several advantages, 

such as consequent breaking of chemical bonds, faster and efficient template removal, lack 

of polymeric structural collapse and rapid binding-rebinding kinetics which allows a wide 

range of functional monomers to be employed with a variety of templates [32, 33]. 

1.6.2.3 Semi-Covalent Imprinting 

This technique combines the properties of both covalent imprinting with durability and 

non-covalent imprinting with quick target uptake. In this approach, the template molecules 

are covalently bonded to the functional monomers and rebinding involves the non-covalent 

interactions [34]. 

1.6.3 Polymerization Techniques for MIP Synthesis 

Up to now, MIPs have been prepared using a variety of polymerization techniques 

including bulk polymerization, precipitation polymerization, sol-gel polymerization and 

electrochemical polymerization. 

1.6.3.1 Bulk Polymerization 

This is a simple and traditional method used to produce a monolithic block by mixing all 

core components (monomers, template, cross-linkers, and initiators) in an aprotic solvent 

through polymerization. After that, the obtained polymer is crushed and sieved to obtain 

the particles of the desired size. Despite being simple and cost-effective, this technique 
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damages the template during the grinding process, yielding particles with irregular forms 

which results in slow binding kinetics of the template molecules [35, 36]. 

1.6.3.2 Precipitation Polymerization 

This is an efficient method for the preparation of imprinted particles by dissolving monomers, 

template and cross-linking agents in a solvent that causes the polymer to precipitate as the 

reaction proceeds. The polymer precipitate does not require grinding in order to form evenly 

sized particles [37].  

1.6.3.3 Sol-gel Polymerization 

The sol-gel process is a technique that facilitates the synthesis of MIP in aqueous matrices. 

In this method, silica-based materials serve as a supporting material, which, when combined 

with MIPs, provides high thermal stability and porosity, thereby enhancing the sensor's 

performance. However, slow diffusion kinetics and low sensitivity are some of the demerits 

of this technique [38, 39]. 

1.6.3.4 Electrochemical Polymerization 

Electrochemical polymerization is a simple, frequently used, and fast procedure in which a 

conductive polymer layer, typically pyrrole, o-phenylenediamine, aniline or thiophene, is 

coated onto the fabricated electrode in the presence of desired analyte. These electrochemical 

layers are formed using a three-electrode system in which the working, reference and 

auxiliary electrodes are immersed in a solution containing a monomer, template molecules 

and a supporting electrolyte. All these components are vital to the surface morphology of the 

imprinted film [40]. After the formation of the MIP layer, the template molecules are removed 

from the polymeric film, creating binding cavities that resemble the shape, size and 

functionalities of the target analyte. 
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1.6.4 Challenges in MIP-Based Electrochemical Sensors 

Recently, MIPs have become an essential recognition component in the field of 

electrochemical sensors due to their facile preparation and cost-effectiveness. The MIP-

based electrochemical sensors exhibit several inherent advantages including high 

sensitivity, selectivity, reusability, robust chemical and mechanical stability and 

miniaturization which are derived from both MIP films and electrochemical transducers 

[36]. Despite these benefits, conventional MIPs lack intrinsic conductivity and 

electrocatalytic activities. Other drawbacks include incomplete binding sites, variable size 

distribution and limited sensitivity towards target recognition, among others which may 

restrict the electrochemical signal output [41]. To overcome these limitations and 

significantly enhance the analytical performance of the MIP-based electrochemical sensor, 

modifying the MIP electrode with nanomaterials (0D, 1D, 2D and 3D) is a superior route 

to increase conductivity and boost the overall sensitivity of the sensor. 

1.7 Two-Dimensional (2D) Materials as Electrode Modifiers 

Two-dimensional materials are crystalline solids with one or more atomic layers that are 

stacked by van der Waals forces between adjacent layers and are strongly connected by 

covalent or ionic bonds within the layers [42]. Based on their chemical composition and 

structural arrangements, these materials are classified as insulators, metals, semiconductors 

and superconductors. In particular, 2D materials are well-suited for enhancing their 

physicochemical properties and achieving atomic-level functionalities through surface 

functionalization, element doping, bandgap engineering and thickness control, all of which 

are challenging to achieve in bulk materials [43]. Recently, two-dimensional materials like 

graphene, transition metal dichalcogenide (TMDs) and other 2D materials like graphitic 

carbon nitride (g-C3N4), hexagonal boron nitride (h-BN), transition metal oxides (TMOs), 

layered double hydroxide (LDH), black phosphorous (BP) and MXenes have garnered a 
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lot of attraction due to their novel properties and wide range of technological applications 

[44]. Fig. 1.9 represents the various 2D materials with their structures. 

Fig. 1.9 Diagrammatic illustration of 2D materials along with their structures,

Reproduced from ref. [43]. Copyright [2022] 

The development of 2D heterostructures is based on their potential application and area of 

fundamental interest. The formation of a heterojunction by the stacking of two distinct 

materials together is referred to as a heterostructure. Based on their different functionalities, 

a variety of heterostructures, including semiconductor-metal, semiconductor-inorganic and 

semiconductor-carbon, have been described [45]. Recently, numerous heterostructure 

materials based on their dimensions, such as 2D/0D, 2D/1D, 2D/2D, and 2D/3D, have been 

fabricated. However, the design and utilization of 2D/2D heterostructures for 

electrochemical applications have emerged as a fascinating topic. The route chosen to 

fabricate a 2D heterostructure can determine its size, morphology and crystalline structure, 
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which in turn alter its physicochemical characteristics, including interfacial interactions, 

electronic density and electronic band structure [46]. 2D heterostructures have been 

fabricated by using both in-situ and ex-situ methods. In ex-situ technique, each 2D material 

component is being prepared individually and then 2D heterostructure composites are being 

formed using chemical vapour deposition (CVD), liquid-phase exfoliation or epitaxial 

growth [47]. The ex-situ approach has numerous benefits in terms of cost-effectiveness and 

scalability. Moreover, obtaining the component ingredient is a time-consuming process that 

involves complicated synthesis processes and costly instruments. In comparison to ex-situ 

synthetic approaches, in-situ synthesis strategies enable the synthesis of 2D 

heterostructures at the nanoscale level with uniform distribution using hydrothermal, 

solvothermal and sol-gel techniques [48, 49]. Fig. 1.10 shows the schematic illustration of 

the synthesis and properties of the 2D heterostructures.   

 

Fig. 1.10 Schematic representation of the characteristics and synthesis methods of 2D-

materials, Reproduced from ref. [43]. Copyright [2022] 
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The 2D heterostructures exhibit distinct physical and chemical properties like high surface 

area, desired electrical conductivity and varied chemical compositions making them 

promising sensing materials that can enhance the performance of the MIPs. Recently, 

MXene, a novel 2D material has been extensively studied which possesses unique 

electronic characteristics, a large surface area and numerous active groups (hydroxyl 

groups, oxygen, and fluorine ions) which make it a suitable candidate for sensing 

applications [50]. 

1.7.1 MXene 

A new class of 2D materials (MXene) was developed by researchers at Drexel University 

[51] in 2011. MXene represent the large family of transition metal carbides, nitrides and 

carbonitrides with the general formula Mn+1XnTx where M is early transition metals (Sc, Ti, 

Zr, V, Nb, Ta, Cr, Mo, etc.), X=carbon and/or nitrogen, n is an integral number between 1 

and 3 and T denotes the surface termination groups like -OH, -F, -Cl, -O. In general, the 

MXene is synthesized by the selective etching of ‘A’ atomic layer present in MAX phase 

(Mn+1AXn) where A belongs to group 13 and 14 [52]. MAX phase (Mn+1AXn) is a closely 

packed multi-layered structure that consists of alternating M and A layers in which M-A is 

linked by a metallic bond which can easily broke in comparison to M-X which links via 

covalent or ionic bonds. Therefore, by using the proper etching agent, the M-A bond can 

be broken without disrupting the M-X bond, allowing for the formation of MXene layers 

[53]. The structural features of MXene are inherited from their corresponding MAX phases 

which show that the atom X occupies the hexagonal and octahedral sites. Due to the 

difference in M atom order, Mn+1Xn changes from M2X to M3X2 and M4X3. Based on 

structural stability, M2X displays hexagonal close packing while both M3X2 and M4X3 have 

face-centred cubic packing [54]. Among the various MXene that have been synthesized, 

Ti3C2Tx is one of the most widely researched MXene due to its good electrical conductivity, 
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large surface area and ease of functionalization which enables Ti3C2Tx to be used 

effectively in fields such as sensing, supercapacitors, energy conversion and lithium-ion 

batteries. Fig. 1.11 represents the 2D structure of Ti3C2Tx. 

Fig.1.11 General structure of Ti3C2Tx 

1.7.2 Properties of MXene 

MXene’s distinctive characteristics include its tunable band gap, high Young’s modulus and 

good thermal and electrical conductivities. Notably, the hydrophilic nature and metallic 

conductivity of MXene make it different from other 2D materials [55]. Furthermore, the 

properties of MXene can be tuned by modifying its composition, altering 

structure/morphology and surface functionalization. 

1.7.2.1 Mechanical Properties 

MXene’s mechanical characteristics are based on its surface termination groups. It is 

anticipated that MXene terminated with the -O group exhibits greater stiffness than MXene 

terminated with other groups like -F and -OH which shows low elastic stiffness. This may be 

due to the MXene varying lattice constant with different termination groups. The surface 

functionalized MXene has large flexibility compared to bare MXene. For example, Guo et 

al. discovered that Ti2C functionalization lowers the Young’s modulus but functionalized 

Ti2C is more resilient to strain in comparison to both bare Ti2C and even graphene [56]. 
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1.7.2.2 Thermal and Electrical Properties 

It is known that both thermal conductivity and thermal oxidation of Ti3AlC2 are high. The 

thermal conductivity of Ti3C2Tx film is found to be approximately 2.84 W/mK. Ti3C2Tx 

films are extremely flexible with a metallic conductivity of 2400 S/cm making them ideal 

for wearable electronics-based applications [57]. Moreover, both the annealing temperature 

and film thickness have a significant impact on the conductivity of sheets. 

1.7.2.3 Structural Properties 

MXene exhibits high structural and chemical stability due to its remarkable conductivity 

and abundance of surface functionalities which serve as carriers of intrinsic active and other 

functional materials for various applications. Until now, various synthetic approaches have 

been employed to fabricate the porous MXenes with suitable topologies which can be 

utilized in a wide range of applications including energy storage and conversion due to their 

porous structure and tunable physicochemical features [58]. 

1.7.2.4 Optical Properties 

The main optical characteristics of Ti3C2Tx are high transparency in the visible region and 

photothermal effect which make MXenes a promising candidate for flexible transparent 

electrode applications. Ti3C2Tx showed transmittance up to 91.2% at a thickness of 5 nm 

and could adsorb light in the UV-vis region (300-500 nm). Moreover, it exhibits a broad 

absorption band at around 700-800 nm based on the thickness of Ti3C2Tx film which is 

crucial for photothermal therapy treatment [59]. 

1.8 Synthesis of MXene 

The synthesis techniques employed during the development of MXene significantly 

influenced their physicochemical characteristics and electrical properties. These techniques 

are divided into two classes, namely, Top-down method and bottom-up approach [60]. 
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1.8.1 Top-Down Methods 

In case of top-down method, the ‘A’ layer is selectively etched out from the MAX phase 

for the synthesis of MXene while maintaining the layered structure. The MAX phases are 

often obtained by mixing powders of M, A and X elements in a specific proportion and 

heating at a particular temperature [61]. Currently, a variety of techniques via a top-down 

approach have been used to synthesise MXene. Hydrofluoric acid (HF) etching, 

hydrothermal etching, fluorine-free etching, electrochemical etching etc. are some of the 

commonly used top-down methods for the synthesis of MXene. Fig.1.12 represents the 

synthesis of MXene. 

Fig. 1.12 General synthesis of MXene 

1.8.1.1 HF Etching 

This is one of the most commonly used methods for the preparation of MXene. To prepare 

MXene, the MAX phase is directly immersed in aqueous HF solution to selectively etch 

out the ‘A’ layer and subsequently the surface functionalities (-OH, -O, -F) replace the 

etched ‘A’ layers which further leads to the formation of multi-layered MXene. Naguib et 

al. synthesized the Ti3C2 by directly using HF as an etching reagent in which they dissolved 
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the MAX phase (Ti3AlC2) in 50% aqueous HF solution and etched continuously for two 

hours at room temperature to obtain MXene [62]. The etching approach is described as 

follows: 

Mn+1AXn + 3HF → Mn+1Xn + AF3 + 1.5 H2 

Mn+1Xn + 2 HF → Mn+1Xn + H2 

In MAX phase, the M-A metal bond is weaker than the M-X bond. Due to their binding 

energy variation, HF interacts with A-layer components of MAX phase to produce H2 and 

corresponding MXene which is shown by the aforementioned equations [63]. Although for 

the fabrication of MXene, direct etching of the MAX phase by HF is most commonly used 

method but the aforementioned approach is hazardous to the environment as well as to 

humans due to its high toxicity.    

1.8.1.2 Etching with Fluoride Salt 

Apart from HF, the in situ-generated HF using the mixture of acid (HCl) and fluoride salts 

(LiF, NaF, KF, NaHF2, NH4HF2, etc) is less aggressive, more economically viable and 

easier to obtain [64]. For MXene synthesis, the in-situ HF etching method using LiF/HCl 

is the most widely used approach due to its intercalating characteristics and fast 

intercalation time. Furthermore, during the etching process, the intercalation of Li+, Na+, 

K+ and NH4+ ions increases the interlayer spacing between the MXene sheets which further 

contributes to MXene’s exceptional properties [65]. As a result, this method demonstrated 

a faster rate of single-step synthesis of MXene in comparison to hazardous HF etching 

approach and time-consuming multi-step synthesis process. 

1.8.1.3 Electrochemical Etching 

In the electrochemical process, MXene can be produced by selectively removing the ‘A’ 

layers at a particular voltage using the MAX phase as an electrode in an electrolyte such as 

NaCl, HCl or NH4Cl. Sun et al. [66] reported an electrochemical etching process using a 
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low concentration of HCl to synthesize fluoride-free three-layered Ti2C sheets from Ti2AlC. 

However, longer etching time led to the removal of Ti layers resulting in the formation of 

the end product known as carbide-derived carbons (CDC). Pang et al. [67] employed an 

electrochemical approach to prepare narrow-floral architecture (25 nm) Ti2CTx, Cr2CTx, 

and V2CTx MXene sheets. However, the low yield from the electrochemical etching method 

led to the formation of CDC layers over MXene. Hence, more efficient techniques are 

needed to eliminate CDC layers and to enable large-scale MXene production. 

1.8.1.4 Molten-Salt Etching 

Molten salt etching is one of the effective method to synthesise fluoride-free MXene 

especially nitride-based MXenes which have higher formation energies compared to 

carbide-based MXenes [68]. Nitride-based MXenes can be degraded in fluoride-based 

aqueous solution due to their low cohesive energy and poor structural stability which makes 

them less effective for etching. These limitations can be overcome by the molten salt 

etching process which selectively etches the ‘A’ layer from the MAX phase component by 

using high-temperature molten salts and does not require HF or other fluoride-based 

solutions [69]. Urbankowski et al. used the molten-salt etching technique to fabricate 

titanium nitride MXene. This approach has been widely used to synthesise various nitride 

and carbide MXenes and by varying the salt composition, etching kinetics and MXene 

characteristics can be controlled [70]. This technique is an attractive choice for synthesising 

high-quality, defect-free and environmentally friendly MXene without the need for 

fluoride-based functionalities.   

1.8.1.5 Hydrothermal Etching 

The hydrothermal process is an effective method to isolate HF exposure and etching 

MXene precursors in a closed environment. Sealing the MAX phase and etchant in a vessel 

at high pressure and temperature can control the morphologies and crystallinity of the 
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composites [71]. Guo et al. [72] successfully obtained Mo2CTx MXene by hydrothermal 

etching of Mo2Ga2C at temperatures ranging from 140 to 180°C for 24 h. Peng et al. [73] 

used a hydrothermal approach to synthesize Ti3C2Tx and Nb2CTx by using a mixture of HCl 

and NaBF4 and then compared the results with those of the directly etched HF counterparts. 

Notably, in contrast to the traditional HF etching process, the strongest peaks of TiC 

impurities began to appear after more than 20 h etching at temperatures between 140-180°C. 

This analysis demonstrates the effectiveness of the hydrothermal process for precursors that 

are difficult to exfoliate. 

1.8.1.6 Other Advanced Etching Methods 

To achieve a safe, effective and eco-friendly production of MXenes, various synthesis 

routes are being continuously explored. Husmann et al. [74] used an ionic liquid water 

mixture to etch the Al layer from Ti3AlC2 and Ti2AlC thereby synthesising Ti3C2Tx and 

Ti3CTx, without the need of acid. The ionic liquid is intercalated between the MXene sheets 

while Al is selectively etched by the fluorine-containing ionic liquids through hydrolysis. 

Electromagnetic and mechanical waves are also used to etch the ‘A’ layers from the MAX 

phase. Mei et al. [75] used ultraviolet light (100 W) in presence of H3PO4 solution for 3 to 

5 h to selectively etch the MAX phase precursor Mo2Ga2C producing mesoporous Mo2C 

MXene. This method is highly effective and does not require harmful corrosive acids. 

Ghazaly et al. [76] utilized surface acoustic waves to achieve ultrafast conversion of 

Ti3AlC2 to Ti3C2Tx without requiring an acid supply upon exposure to a low concentration 

of LiF solution. The A layers were selectively etched by a combination of fluorine ions 

from LiF and protons generated by surface acoustic waves.  

Mei et al. [77] reported the synthesis of Ti2C sheets from the corresponding sulfur-

containing Ti2SC MAX phase by utilising the thermal reduction method. Layered Ti2C 

were produced when weakly bonded sulfur atoms dissociated at high temperature. 
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However, this process highly depends on the sulfur-containing MAX phase and results in the 

partial etching of the MAX phase. Additionally, TiO2 nucleates when the temperature exceeds 

700°C, which impacts the MXene yield. 

1.8.2 Bottom-Up Methods 

MXene produced by top-down methods has been extensively studied, however, it still poses 

challenges in meeting the needs of various point-of-care devices due to its uneven thickness, 

thermal instability and small crystal sizes. Furthermore, MXene has various functional 

groups such as ‒O, ‒Cl and ‒OH which have limited electrochemical applications due to their 

poor electrical characteristics and flawed structures [78]. To address this issue, bottom-up 

methods provide a novel approach to creating high-quality and thermally stable MXenes. 

1.8.2.1 Chemical Vapour Deposition (CVD) 

CVD is an advanced technique used to fabricate a novel two-dimensional material - MXenes. 

In this method, a thin film is generated by adding volatile precursors into a reaction chamber 

where they react or break down with a hot substrate. CVD precisely control the film thickness 

and composition which is essential for improving the MXenes properties for certain 

applications. Xu et al. [79] employed the CVD approach to fabricate a high-quality ultrathin 

2D Mo2C with a large surface area. The remarkable chemical and thermal stability of ultrathin 

Mo2C displayed strong anisotropy in the magnetic field direction and two-dimensional 

features of the superconducting transitions. 

1.8.2.2 Pulsed Laser Deposition (PLD) 

PLD is an efficient and advanced technique for producing MXene. In this method, a target is 

subjected to a high-power pulsed laser to generate a fine layer. This method provides precise 

control over the film’s thickness, composition and microstructure by modifying several 

parameters, including laser fluency, pulse duration and deposition environment [68]. 
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1.9 Application of MXenes and MXene-Based Composites for Antibiotic 

     Detection 

The literature review reveals that MXene and its composites have been utilized as a sensing 

platform for detecting antibiotics. Zhou et al. [80] developed an MIP-based electrochemical 

sensor using MXene-modified glassy carbon electrode (GCE) for the detection of 

chloramphenicol. An efficient screen-printed carbon electrode (SPCE) modified with 

MXene and graphene has been developed by Essousi et al. [81] for the selective detection 

of oxytetracycline. Further, Yang et al. [82] constructed an electrochemical sensing 

platform for ofloxacin detection using gold nanoparticles and MXene composite. A novel 

MIP electrochemical sensor has been designed by Zhang et al. [83] for the sensitive 

detection of chlortetracycline using MXene and gold-platinum ruthenium nanocomposite. 

The ternary composite AuNPs/AgNWs/Ti3C2Tx was further used by Wang et al. [84] to 

fabricate an MIP electrochemical sensor for the detection of sulfathiazole. An amperometric 

sensor was developed by Vilian et al. [85] for the detection of nitrofurantoin using a gold 

nanoparticle-decorated polypyrrole-MXene composite. Kabir et al. [86] proposed an 

electrochemical sensor based on SiO2-MXene-SnO2 nanocomposite for the sensitive and 

selective detection of ciprofloxacin. Shen et. al [87] fabricated a hydrophobic carbon paper 

modified with CoFe/MXene as a sensing platform for the ultrasensitive detection of 

chloramphenicol. Furthermore, a self-assembled sensing interface based on an aptamer 

functionalized MXene was reported by Xiong et al. [88] for the detection of kanamycin and 

tetracycline. A novel MIP-based ratiometric electrochemical sensor was constructed by Qi 

et al. [89] using Fe-MOF-NH2/CNT-NH2/MXene composite for the detection of ofloxacin. 

Dong et al. [90] developed an ultrasensitive aptasensor for detecting chloramphenicol using 

a liquid-exfoliated graphene/MXene composite. Furthermore, Zhang et al. [91] fabricated 

a Co, N-Ti3C2Tx/C/PEDOT-based MIP electrochemical sensor for the ultrasensitive 
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detection of gatifloxacin. Additionally, Table 1.1 summarizes the recent advancements in 

the analytical performance of electrochemical sensors for detecting various antibiotics. 

Table 1.1: Recent advances in electrochemical sensors for antibiotic detection 

Electrode 

material 

Analyte Method Sample Linear range LOD Ref 

CuZnS@MXene CAP Amperometry 

DPV 

Milk, honey, 

human urine, 

eye drop 

0.002-100 μM 

0.002-6.75 μM 

0.15 nM 

0.18 nM 

[92] 

VS2/Ti3C2Tx   NFT         LSV Tap water, 

lake water, 

milk, honey 

0.01-400 μM   4.7 nM [93] 

AgNPs-rGO    CIP         DPV River water, 

Tap water 

  0.15-13 μM  6.25 nM [94] 

   WO3/rGO     TC         DPV Milk, lake 

water, Fish, 

and tap water 

  0.1-400 μM   202 nM [95] 

 

MIP-

MoS2@CNTs 

 

TMP 

 

DPV 

Lake water, 

Tap water, 

Fish from 

lake water, 

Fish from 

river water 

 

   50-3000 nM 

 

  27.0 nM 

[96] 

 

V3Se4/β-

CDN/rGONs 

 

MFH 

 

DPV 

Human 

blood, 

wastewater, 

river water 

0.02-873.39 

μM 

0.015 μM [97] 

 

Fe-MOF@GDY 

 

CAP 

 

DPV 

 

Lake water 

 

1 pM-24 mM 

 

0.54 pM 

[98] 

N-

HCS@PEDOT-

PMAA/MIP 

  NOR         DPV Lake water, 

honey, milk 

0.5 nM-33 μM 0.061 nM [99] 

   CeV/CN    LV         DPV Human blood 

serum 

0.025-276.35 

μM 

6.60 nM [100] 
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Fe3O4-

MoS2@MXene 

LEV         DPV Waste water     6-17 μM 900 nM [101] 

 

MoS2@MWCN

T 

 

Ofloxacin 

 

DPNV 

LSV 

Distilled 

water, Tap 

water, Rain 

water 

 

0.29-0.82 μM 

0.24-0.82 μM 

 

 

0.12 μM 

0.17 μM 

[102] 

UiO-66-

NH2/CNTs 

  OFL          CV Prescription 

drugs 

0.1 nM-20 μM 0.03 nM [103] 

 

1.10 Objective 

   The main aim of this research study is to develop an electrochemical sensor utilizing a new 

class of 2D materials, i.e., MXene and its hybrids with metals, metal oxides and metal 

sulphides for the detection of an antibiotic, specifically levofloxacin. The fabrication of an 

electrochemical sensor has been accomplished by the following stages:  

• Synthesis and modification of MXene by a less hazardous method as well as investigating 

the parameters that affect the electrochemical performance. 

• Characterization of synthesized materials by structural and morphological techniques.  

• Fabrication of a transducer matrix by electrophoretic deposition of material on an ITO-

coated glass electrode.  

• Fabrication of MIP layer on the modified electrode via electropolymerization followed by 

elution of template molecules using a suitable solvent. 

• Electrochemical response studies of the fabricated electrode using different 

electrochemical techniques for antibiotic detection. 

• Reproducibility, selectivity and stability studies of the sensors.  

•   Validation of the results using spiked real samples with the fabricated sensor. 
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1.11 Thesis Organization 

This thesis focuses on the synthesis, characterization and application of Ti3C2Tx and its 

hybrid with Ag, TiO2 and CuS in order to create an efficient electrochemical sensor for the 

targeted detection of antibiotic (Levofloxacin). The entire research work of the thesis 

comprised of seven chapters which are organised as given below: 

Chapter 1 presents an overview of antibiotics, their classification, harmful consequences 

on human health and environment and various techniques available for their detection. 

Furthermore, the concept of molecularly imprinted polymers (MIP) and their role in 

electrochemical sensing have been discussed. Additionally, an attempt has been made to 

provide a descriptive literature review of MXene properties and various synthesis methods. 

Chapter 2 outlines the details of various experimental techniques including FTIR 

spectroscopy, Raman spectroscopy, X-ray diffraction (XRD), Field emission scanning 

electron microscopy (FE-SEM) and Energy dispersive X-ray spectroscopy (EDX) that have 

been used to characterise the Ti3C2Tx and Ti3C2Tx-based nanocomposite-modified 

electrodes. Electrochemical methods such as cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) are being used to characterize the Ti3C2Tx and its 

nanocomposite-based electrodes. The electrochemical response of various nanohybrid 

sensors to antibiotic (LEV) concentration has been studied by using the DPV approach. 

Attempts have also been made to describe the procedures and protocols used to determine 

various parameters related to the performance of Ti3C2Tx composite-based sensor for 

antibiotic detection. 

Chapter 3 describes the results of studies focused on developing a sensitive and efficient 

molecularly imprinted-based electrochemical sensor for levofloxacin (LEV) detection 

using Ti3C2Tx. The hydrothermally synthesised Ti3C2Tx proved to be an efficient material 

for fabricating a sensor platform in sensing studies due to its high metal-like conductivity 
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and hydrophilic nature. For the MIP sensor construction, initially the synthesised Ti3C2Tx 

was electrophoretically deposited on the indium tin oxide (ITO) coated glass substrate 

followed by the electropolymerization of pyrrole as a monomer and LEV as template 

molecules to create MIP layer for the selective determination of LEV. Successful synthesis 

was confirmed by using various spectroscopic, microscopic and electrochemical 

techniques. The electrochemical response of the fabricated sensor (Ti3C2Tx/ITO@MIP) 

shows a high sensitivity (40.20 μA (pM)−1cm−2) with a broad linear range of 1 pM-100 nM, 

and a low detection limit (0.76 pM). The selectivity study suggests that the fabricated sensor 

efficiently detects the LEV. Additionally, the fabricated sensor exhibits good stability and 

reproducibility in detecting the LEV in tap water and soil with an excellent recovery rate. 

 The fabrication of a highly selective and sensitive molecularly imprinted electrochemical 

sensor utilising TiO2-Ti3C2Tx nanohybrid as a sensing platform is reported in Chapter 4. 

The in-situ development of 2D-TiO2 on the Ti3C2Tx sheets enhances surface area and 

improves electrochemical performance compared to Ti3C2Tx. Various spectroscopic and 

morphological techniques have been used to validate the formation of TiO2-Ti3C2Tx 

nanohybrid. Electrochemical results confirm that the fabricated sensor (TiO2-

Ti3C2Tx/ITO@MIP) showed high sensitivity, broad linear range (1 pM-100 nM) and low 

LOD (0.41 pM). Moreover, the developed sensor exhibits acceptable stability, good 

reproducibility and excellent selectivity towards LEV detection. Consequently, the TiO2-

Ti3C2Tx/ITO@MIP sensor proves to be a viable platform for LEV detection in biological 

and environmental samples (urine, human serum, river water, and soil), with good recovery 

rates. 

Chapter 5 reveals the development of a CuS-anchored 2D Ti3C2Tx nanohybrid-based MIP 

impedimetric sensor. The synthesized CuS/Ti3C2Tx has been characterized using a series of 

structural, elemental, and morphological analysis. Furthermore, the MIP-based 
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impedimetric sensor has been fabricated using the electropolymerization technique on a 

CuS/Ti3C2Tx modified electrode followed by an elution process. Electrochemical 

investigations indicate that the CuS/Ti3C2Tx-modified MIP sensor (CuS/Ti3C2Tx@MIP) 

offers a relatively large surface area and a better electron transfer coefficient compared to 

MIP/Ti3C2Tx. The sensing response of the electrode exhibits linearity over a concentration 

range of 0.01 pM to 1000 nM, with a detection limit of 10 fM.  Moreover, the sensor was 

successfully validated in river water and milk and it was found to be highly stable and 

selective for the detection of LEV. 

In Chapter 6, the results pertaining to the development of an electrochemical sensor based 

on Ag/TiO2-Ti3C2Tx hybrid have been reported. Various spectroscopic and morphological 

techniques have been used to validate the formation of Ag/TiO2-Ti3C2Tx. Furthermore, a 

novel electrochemical sensing platform has been fabricated by electrophoretic deposition 

of the synthesised material on the ITO surface, followed by an electropolymerization 

process for the selective recognition of LEV. The excellent conducting and catalytic 

properties of Ag/TiO2-Ti3C2Tx facilitate the superior electroanalytical capabilities of the 

fabricated electrodes. As a result, the developed sensor exhibits stable, rapid and high 

sensing performance with linearity in the concentration range of 0.1 fM to 1000 nM (LOD 

= 0.1 fM). The performance of the sensor was validated with river water, soil and milk 

samples. The sensor shows an excellent recovery rate of nearly 93.4-105.2% which justifies 

the efficacy of the fabricated electrodes for LEV detection. 

Chapter 7 briefly summarises the studies related to the applications of MXene-based 2D 

materials for antibiotic detection. Furthermore, this chapter also highlights the futuristic 

potential and possibilities of MXene-based composites for sensing in other systems. 
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Materials & Experimental Techniques 

2.1 Introduction 

This chapter describes about the materials and various experimental techniques used in the 

fabrication of MXene and its composite-based electrochemical sensor for antibiotic 

detection. Furthermore, several analytical approaches have been used to characterize 

Ti3C2Tx, TiO2-Ti3C2Tx, CuS/Ti3C2Tx, Ag/TiO2-Ti3C2Tx and other modified electrodes. An 

attempt has also been made to discuss methodologies and strategies used to determine 

several factors related to the efficacy of synthesized materials for antibiotic detection. 

Additionally, various protocols used to calculate the number of matrices for determining the 

reliability of the electrochemical sensor have also been reported. 

2.2 Materials 

The detailed description of the materials used during experimentation is discussed in the 

following sections: 

2.2.1 Chemicals 

Titanium aluminium carbide (Ti3AlC2, size ≤ 100µm), lithium fluoride (LiF), sodium 

tetrafluoroborate (NaBF4), levofloxacin (LEV, ≥98%), norfloxacin (NOR, ≥98%), 

ciprofloxacin (CIP, ≥98%), omeprazole (OME), ampicillin (AMP, ≥95%), azithromycin 

dihydrate (AZY, ≥98%), pyrrole, glucose and silver nitrate (AgNO3) were all procured from 

Sigma-Aldrich, India. Hydrochloric acid (HCl), ethanol, sodium chloride (NaCl), potassium 

phosphate (KH2PO4), dibasic potassium phosphate (K2HPO4), copper sulphate 

pentahydrate (CuSO4.5H2O, ≥98%) were taken from Thermo-Fischer Scientific while 
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sodium thiosulfate pentahydrate (Na2SO3.5H2O) and sodium hydroxide (NaOH) were 

purchased from Qualigens. Indium tin oxide (ITO, resistivity ≤ 10 ohms/sq.) coated glass 

was procured from Techinstro. All the solutions including buffer were prepared with Milli-

Q water (18.2 MΩ cm). 

2.2.2 Buffers 

➢ 0.1 M Phosphate buffer saline (PBS), 7.0 pH, NaCl (0.9%). 

➢ PBS containing 5mM [Fe (CN)6]
3-/4- as redox indicator. 

2.3 Analytical Techniques 

The work presented in this thesis includes (i) the preparation of Ti3C2Tx (MXene) and its 

composites followed by the deposition of synthesised materials film onto the ITO glass 

surface and (ii) the formation of MIP layer onto the fabricated electrode by using 

electropolymerization technique followed by the elution process to study their potential 

application for antibiotic detection. The synthesised materials and polymerized electrodes 

were characterized at different stages of fabrication by a range of techniques like X-ray 

diffraction (XRD), Fourier transform infrared (FT-IR), Raman spectroscopy for structural 

and field emission electron microscopy (FE-SEM), elemental analysis (EDX) for 

morphological and electrochemical techniques, namely, cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry (DPV). 

2.3.1 X-Ray Diffraction (XRD) 

This non-destructive structural characterisation technique is used to investigate the 

crystalline nature and chemical composition of unknown materials [1].  With this technique, 

the atomic structure of macromolecules can be determined whereas for small-scale 

materials, it can identify their crystallinity, strain, crystal size and structure as well as their 

composition [2]. The structural information of the sample including crystallite size, 

crystallographic structure, interplanar distance, defects, polycrystalline orientation 
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distribution and band angles can all be deduced with this technique. The working principle 

of this technique is based on Bragg’s law, which describes how an X-ray beam incident on 

the sample’s crystal lattice is reflected at a particular angle providing details about the 

sample's crystalline structure or phases based on the intensity and location of the peak. The 

XRD spectrum is recorded using an X-ray diffractometer. Fig. 2.1 shows the fundamental 

pictorial representation of the X-ray diffractometer setup. 

Fig. 2.1 (A) Pictorial illustration of XRD (B) XRD pattern of TiAl3C2, Ti3C2Tx and TiO2-

Ti3C2Tx 

The most prominent diffraction peaks are utilized to determine the average peak broadening 

and acquire the peak broadening data. Thereafter, the material’s structural characteristics 

can be analysed using this information. The Debye-Scherrer equation (Eq. 2.1) has been 

used to calculate the average particle size of any material by analysing peak broadening in 

the XRD pattern [3]. 

D = K λ/β cos θ (2.1) 

In this equation, D represents the particle crystalline size, K denotes the Scherrer constant 

(0.98), λ is the wavelength of X-ray beam, θ is the Bragg’s angle and β represents the full-
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width at half maxima. In this thesis, the Malvern Empyrean X-ray diffractometer, having a 

monochromatic radiation of wavelength 1.54 Å with diffraction angle 2θ = 5-80° and speed 

2°/min has been used to carry out the structural analysis of all the synthesised materials like 

Ti3C2Tx (MXene) and its composites and modified electrodes. 

2.3.2 Fourier Transform Infrared (FT-IR) Spectroscopy 

The Fourier transform infrared spectrometer is based on infrared radiation which examines 

the interaction of electromagnetic radiation with the material. Due to its superior sensitivity, 

high accuracy, ease of handling and rapid analysis, it is widely used to investigate the presence 

of functional groups, vibrational changes and structural changes in the sample. The basic 

principle of FT-IR is based on the molecule’s atomic vibration which absorbs infrared 

radiation at particular frequencies or energies. When the sample absorbs electromagnetic 

radiation from the laser beam at each wavelength, it results in various spectral lines which 

further reveal the composition of the materials or chemical substances [4]. 

The Michelson interferometer in FT-IR spectroscopy examines the chemical composition of 

any material. Its basic setup consists of four main components: (a) filament (light source), (b) 

beam splitter, (c) two mirrors, and (d) detector, as shown below in Fig.2.2. The source emits 

infrared radiation, which is then divided into two portions via the beam splitter. These two 

separate light beams continue to travel along two different paths as they are reflected off the 

end mirrors. After reflection, these distinct beams recombine to produce interference which 

the detector then analysed. FT-IR is an efficient characterisation technique that offers 

numerous benefits over dispersive measurements including a wider spectral range, increased 

sensitivity, faster data acquisition, reduced sample requirement and an improved signal-to-

noise ratio [5]. The Perkin Elmer Spectrum 2 with frequency range of 400-4000 cm-1 was 

used in attenuated total reflection (ATR) mode to examine the functional groups present in 

all the synthesised materials. 
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 Fig. 2.2 (A) Schematic illustration of a Michelson interferometer (B) FT-IR spectra of 

Ti3C2Tx 

2.3.3 Raman Spectroscopy 

Raman spectroscopy is another sophisticated tool that emerged with the discovery of the 

well-known Raman effect. This phenomenon occurs when monochromatic light is 

inelastically scattered by the compound causing the reflected light to be emitted at distinct 

wavelengths that differ from those of the incident light. The effect of light on molecular 

vibration provides insight into molecular structure or aids in the identification of functional 

groups. This technique utilises a laser as the source beam and the laser's bandwidth 

determines the spectral radiation. Afterwards, the sample molecule is placed in the chamber 

that accepts the laser beam and then the dispersed light is transmitted through high-quality 

filters which further distinguish the Rayleigh scattered light (elastic scattering) and Raman 

scattered light (inelastic scattering) preventing additional laser simulations [6]. The light is 

then focused on the detector as it passes through the grating. The compound's spectrum then 

displays a range of weak and strong bands reflecting its distinct characteristics. By 

analyzing the spectra, several factors including crystallinity, amorphous behaviour, 



Chapter-02: Materials & Experimental Techniques 

45 

chemical composition and tacticity can be discovered [7]. In this thesis, Raman 

spectrometer (Model: Invia Reflex) equipped with a laser source of 532 nm was used to 

collect the data of Ti3C2Tx and TiO2-Ti3C2Tx composite (Fig. 2.3). 

Fig. 2.3 (A) Schematic diagram of a Raman spectrometer (B) Raman spectrum of 

Ti3C2Tx and TiO2-Ti3C2Tx 

2.3.4 Field Emission Scanning Electron Microscopy (FESEM) 

The sample’s surface morphology can be examined via FESEM. Instead of using light, the 

FESEM uses electrons to observe the sample’s image. Compared to other microscopes, 

FESEM offers the benefits of a higher depth of field enabling simultaneous access to more 

specimens. The primary components of FESEM are: an electron source (Field emission gun), 

a column that allows the electron beam to pass through electromagnetic lenses, an electron 

detector, a specimen chamber, a computer and a display unit to see the images. As seen in Fig. 

2.4, the FESEM produces signals at solid objects’ surface using the focused highly energetic 

electron beam [8]. This technique operates by generating high-energy electrons at the 

uppermost part of the column which are then accelerated in the downward direction before 

travelling to several lenses and striking the specimen surface in a focused beam. 

Furthermore, FESEM utilizes a series of pumps to create a vacuum condition inside the 

specimen chamber generating the specimen micrographs [9, 10]. The interaction between 

the specimen and the electron generates signals that are then perceived by the detector. In 
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the present work, the morphology of the surface of all the prepared materials and modified 

electrodes was studied by using FESEM (Zeiss Gemini SEM 500). 

Fig. 2.4 (A) Pictorial view of FESEM (B) FESEM image of Ti3C2Tx 

2.3.5 Energy Dispersive X-ray (EDX) Analysis 

This technique provides a compressive mapping of the sample by examining near-surface 

elements and approximates the elemental proportions at various positions. The basic 

fundamentals of EDX are applied in conjunction with FESEM. The material under 

examination produces X-rays when an electron beam (10-20 keV) hits the surface of sample 

and resulting X-ray is unique to each element. Therefore, this characteristic X-ray is used 

to identify and quantify chemical constituents in the sample. During EDX analysis, an 

image of the elements present in the sample is generated by moving the electron beam across 

it. In EDX, the composition and the amount of heavy metal ions of the nanoparticles that 

are present near or at the sample’s surface can be readily detected but for elements with 

atomic number below 11 are difficult to detect. For instance, EDX makes it easy to 

recognize gold, silver and palladium surface-bound nanoparticles [11]. In this thesis, 
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elemental analysis of all the synthesized materials was performed using FESEM-EDX 

(Zeiss Gemini SEM 500). 

2.3.6 Electrochemical Techniques 

Electroanalytical techniques are being used to measure the responses in terms of potential 

or current within an electrochemical cell. This technique is highly useful for determining 

the chemical reactivity of an analyte by capturing data for changes in potential or current 

with respect to analyte concentration when an electric potential is applied. In the majority 

of electrochemical experiments, a three-electrode system containing a working electrode 

(WE), a reference electrode (RE) and a counter or auxiliary electrode (CE) is generally used 

to evaluate the electrochemical properties of the compound being tested [12]. These 

electrodes are successfully connected to a potentiostat, a device that measures the resulting 

current by regulating the working electrodes’ potential. In an electrochemical experiment, 

when a working electrode is subjected to a potential, the resulting current response is 

measured and plotted counter to time. In other cases, when the applied potential varied 

linearly, the obtained current is plotted against the applied potential. Nernst’s equation 

provides a quantitative aspect of potential (E) in an electrolytic solution for the known 

concentration of the reduced and oxidised forms of the redox couple as shown by Eq. 2.2. 

E = Eo + (RT/nF) ln ([Coxi]/[Cred]) (2.2) 

Here, Eo represent the potential of the electrode, R is the gas constant, T is the temperature, 

F denotes the Faraday’s constant and [Coxi] and [Cred] signify the concentration of oxidized 

and reduced species. The operation of the three-electrode system depends on the applied 

voltage and the redox species reacting at the electrode surface controls the concentration 

ratio to satisfy the Nernst equation. 

In this thesis, the Autolab (Ecochemie, Netherlands) Potentiostat/Galvanostat instrument, 

featuring Ag/AgCl (reference) and platinum (counter) electrodes has been utilized to 
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perform electrochemical characterizations (Cyclic voltammetry, Differential pulse 

voltammetry) of all the fabricated sensors. A potentiostat utilizes a DC power source to 

generate a steady current at a constant voltage thereby achieving a precise, controlled and 

stable potential. Fig.2.5 represents the schematic picture of the electrochemical workstation. 

Fig. 2.5 Schematic diagram of the working of the Potentiostat 

2.3.6.1 Cyclic Voltammetry (CV) 

CV is one of the most useful electroanalytical methods to examine the electrochemical 

processes of an electroactive species. During CV experiments, the working electrode’s 

potential varied linearly over time. In this study, the sweeping potential of the working 

electrodes is swept in one direction across time and then returned to its original point in the 

opposite direction once it reaches the fixed point. In order to create CV graphs, these 

potential cycles, as required, can be swept at different scan rates. Moreover, CV provides 

more insight into the electrochemical reactions with known redox potential for the 

electroactive species. The electrons are transferred from the source signal to WE through 

CE and the current is monitored at WE during a potential scan against RE. During the 

oxidation-reduction process, an electrolytic solution is required to supply the ions to the 

electrodes [13]. The efficiency of fabricated electrodes can be examined by calculating 
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various physical parameters using the obtained peak current during the CV studies. Using 

Laviron’s theory, charge transfer coefficient (α) and heterogeneous rate transfer constant 

(Ks) can be calculated using Eqs. 2.3 to 2.5. 

Epa = 2.303 RT/(1-α) nF; and Epc = 2.303 RT/α n F (2.3) 

ΔEp = Epa -Epc (2.4) 

ln Ks = α. ln (1‒ α) + (1‒ α). ln(α) ln (RT/n F ν) ‒ α (1‒ α). n F. ΔEp/RT (2.5) 

Here, Epa and Epc are the anodic and cathodic peak potentials and ν is the scan rate. 

Other electrochemical parameters such as diffusion coefficient (D), surface coverage (τ) 

[14] can be computed by using the Randles-Sevick equation: 

Ip = 2.69×105 n3/2ACD1/2 ν1/2 (2.6) 

Ip = n2 F2Aτν/4RT  (2.7) 

Where Ip, n, and C represent the anodic peak current, oxidized or reduced electrons and 

molar concentration of [Fe(CN)6]
3-/4- in mole/cm3. In this thesis, CV studies were performed 

at different scan rates ranging from 10 to 300 mVs-1 for all modified electrodes to examine 

their electrochemical characteristics. 

2.3.6.2 Electrochemical Impedance Spectroscopy (EIS) 

EIS is a powerful electroanalytical technique that is used to examine the electrochemical 

behaviour at the conducting electrode and electrolyte interface. For an ideal resistor, Ohm’s 

law specifies the power of an individual component of an electric circuit to resist the current 

flow (Resistance, R). This is expressed in terms of the ratio between the voltage (V) and 

current (I). However, the properties of such circuits cannot be applied or utilized in the real 

world due to their complex behaviour, thus impedance takes precedence over the concept of 

resistance. The most popular method for determining the electrochemical impedance is to apply 

an AC potential to an electrochemical cell and then analyse the resulting current flow. Most 

likely, the generated AC signals are analyzed by using a sinusoidal potential simulation [15]. 
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Electrochemical impedance is measured by using a small excitation pulse to obtain a pseudo 

linear response from the electrochemical cell. When a sinusoidal potential is applied to a linear 

system, the matching current exhibits a sinusoidal waveform with the same frequency 

regardless of the phase shift. The significant properties of an electrochemical system can be 

obtained by modelling the impedance data in terms of Rct (charge transfer resistance), Rs 

(solution resistance), CPE (constant phase element) and Cdl (double layer capacitance). Zw 

(Warburg element) represents the mass transport impedance or the cell’s diffusion. In an 

electrochemical cell, the complex electrochemical reaction that occurs at the electrode-

electrolyte interface is stimulated by the equivalent circuit model. EIS spectra are represented 

and analysed by Nyquist plots which comprise both real and imaginary impedance components 

along the X and Y axis [16]. 

This thesis presents the calculation of charge transfer resistance (Rct) through fitting the acquired 

EIS spectra, utilizing the modified Randles equivalent circuit model. By using the obtained Rct 

values, the exchange current per unit area (iο) and heterogeneous electron transfer rate constant 

(Kapp) were estimated using Eqs. 2.8 and 2.9. 

io= nRT/RctF   (2.8) 

kapp= RT/ n2F2ARctC (2.9) 

where n is the number of transferred electrons, R is the universal gas constant, T is the 

temperature (Kelvin), F is Faraday’s constant, A represents the geometric area of the electrode, 

and C denotes the redox-probe concentration [17]. 

2.3.6.3 Differential Pulse Voltammetry (DPV) 

DPV is an advanced and more sensitive electrochemical technique that offers a better 

detection limit and improved resolution processes compared to cyclic voltammetry. DPV 

operates by applying a linearly ramped potential to the working electrode subjected to a 

voltage versus time programme. This technique computes the current difference (ΔI) before 
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and after the pulse, thereby successfully distinguishing the faradaic current (originating 

from the analyte’s redox reactions) from the non-faradaic current. The current between the 

pulse voltage and ramped baseline voltage is reported after a sequence of small pulses has 

been superimposed on a slowly increasing linear potential ramp. The current for each pulse 

is measured at two different points: once before the pulse (called the baseline) and after the 

pulse when the system has stabilised [18]. The difference between these two measurements 

represents the differential current. DPV reduces background noise interference by 

separating the faradaic current thereby enhancing sensitivity and making it suitable for low-

concentration analytes. DPV currents offer a higher detection limit compared to CV and 

other voltammetric techniques due to their superior ability to distinguish between charging 

current and faradaic impurity current. 

2.4 Protocols Used for the Determination of Various Performance-related 

Parameters for MXene and its Composite-based Electrochemical Sensor 

2.4.1 Linear Range, Detection Limit and Sensitivity 

The concentration ranges across which the current response varies proportionally with various 

analyte concentrations demonstrates the sensor’s linearity range. In this thesis, DPV (Chapters 

3, 4 and 6) and EIS (Chapter 5) methods have been used to determine the linear range. 

The lowest concentration of the analyte that can be detected by the sensor is known as the 

detection limit (LOD) and can be computed using the following expression (Eq. 2.10). 

LOD = 3σ/S (2.10) 

Here, σ represents the electrode’s standard deviation and S is the slope of the calibration plot. 

The sensitivity of the sensor refers to the correlation between the variation in analyte 

concentration and the strength of the signal produced by the transducer. Generally, a sensor 

should be able to identify and provide a signal for even the slightest variation in the target 

analyte’s concentration. 

Sensitivity = slope/effective surface area of the working electrode (2.11) 
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2.4.2 Selectivity, Reproducibility and Stability 

Selectivity of a sensor refers to the ability of a recognition probe to precisely identify the 

target analyte even in the presence of other potential sources of interference substances. 

Meanwhile, the sensor's longevity has been determined by its stability and reproducibility. 

The stability or shelf life of a sensor refers to how long it functions appropriately while 

maintaining its maximum efficiency during storage which can be monitored by measuring 

the current at regular time intervals. On the other hand, reproducibility measures the drift 

or scatter in a sequence of observations or discoveries made over time. 
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MXene-based Molecularly Imprinted 

Electrochemical Sensor for Antibiotic Detection 

3.1 Introduction 

This chapter describes a highly specific and efficient Ti3C2Tx (MXene)-modified 

molecularly imprinted polymer (MIP) based electrochemical sensor for levofloxacin (an 

antibiotic) detection (Fig. 3.1). The incorporation of Ti3C2Tx with MIP improves the 

sensitivity of the sensor by offering large surface area and facilitating better electron 

transfer rate [1, 2]. The fabricated sensor shows high selectivity and a low detection limit 

for the precise analysis of levofloxacin in two real samples. The details of MXene synthesis, 

along with MIP sensor fabrication, characterization, optimization, and electrochemical 

sensing results, are discussed in the following sections. 

Fig. 3.1 Schematic representation for the fabrication of Ti3C2Tx-based MIP sensor

CHAPTER‒ 3 
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3.2 Experimental Details 

3.2.1 Synthesis of Ti3C2Tx

The synthesis of Ti3C2Tx with little modification [3] was carried out by using the 

hydrothermal method. Initially, 1g of LiF was mixed with 20 mL of 6 M HCl with constant 

stirring for a duration of 30 min. Thereafter, 1g of Ti3AlC2 (MAX Phase) was gradually added 

to the above solution at room temperature and stirred constantly for another 30 min. 

Afterwards, the mixture was transferred to a 100 mL Teflon-lined stainless autoclave and 

heated in an oven at 180°C for 16 h. Further, the precipitate was collected by successfully 

washing with deionised water and centrifugation at 3500 rpm, followed by vacuum drying 

for 12 h at 60°C. 

3.2.2 Electrophoretic Deposition of Ti3C2Tx on ITO 

For the deposition process, a colloidal suspension of Ti3C2Tx (0.5 mg) was prepared by 

ultrasonically dispersing it in 15 mL of DI water. For EPD, the Pt wire served as a counter 

electrode and was kept 1 cm away from the working electrode (ITO glass substrate). To 

perform the electrophoretic deposition of Ti3C2Tx onto a pre-hydrolyzed ITO glass surface, 

different voltages were applied. It was revealed that a smooth film of Ti3C2Tx on the ITO 

substrate was produced when a 10 V DC potential was applied for 8 sec. 

3.2.3 Fabrication of MIP-Based Electrochemical Sensor 

To construct the MIP sensor, the Ti3C2Tx/ITO was submerged in an electropolymerization 

solution of 0.1 M phosphate buffer solution (pH 7) containing 0.4 mM LEV (template 

molecules) and 2 mM pyrrole (functional monomer). After that, the MIP layer was 

electropolymerized on top of Ti3C2Tx/ITO using the CV technique with a potential window 

ranging from 0.6 to 1.6 V with ten scan segments at 50 mV/s of scan rate. Upon completion 

of electropolymerization, the fabricated Ti3C2Tx/ITO@MIP electrode was placed in a mixture 



Chapter-03: MXene-based Molecularly Imprinted … 

57 

solution of 0.2 M NaOH/C2H5OH of ratio 1:1 v/v while stirring (20 min) to extract the LEV 

(template molecules), followed by washing with DI water and drying. 

3.3 Results and Discussion 

3.3.1 Structural and Morphological Studies 

Fig. 3.2A displays the XRD pattern of Ti3AlC2 (black curve) and Ti3C2Tx (red curve). The 

distinct peaks of Ti3AlC2 were observed at 2θ = 9.5°, 34.1°, 39.0°, 41.9°, 48.5°, 56.4°, 60.3° 

and 65.3°. The characteristic peak of Ti3AlC2 at 2θ = 9.5° significantly shifts towards the 

lower angle of 6.1° for Ti3C2Tx after the etching process, which indicates the enlarged 

interlayer spacing of Ti3C2Tx (13.9 Å) than that of Ti3AlC2 (9.2 Å) [4]. Furthermore, the 

disappearance of the peak at 2θ = 39.0° in the spectra of Ti3C2Tx signifies the complete 

removal of the Al layer, confirming the successful synthesis of Ti3C2Tx sheets. 

Fig. 3.2 (A) XRD pattern of Ti3AlC2 (black curve) and Ti3C2Tx (red curve) (B) FTIR spectra 

of Ti3C2Tx 

The chemical structure of the synthesized Ti3C2Tx has been examined using the FTIR 

spectroscopy. The peak observed at 670 cm-1 corresponds to the stretching Ti‒O bond 

vibration while the peaks at 1215, 1360 and 1740 cm-1 are responsible for the stretching 

vibration of C‒F, O‒H and C=O bond, respectively [5] as shown in Fig. 3.2B. 
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The surface morphological behaviour and elemental composition of Ti3AlC2, Ti3C2Tx and 

polymerized electrodes (Ti3C2Tx/ITO@MIP before elution and Ti3C2Tx/ITO@MIP after 

elution) were analyzed using FESEM and EDX techniques. As shown in Fig. 3.3A, the 

morphology of Ti3AlC2 shows a dense-packed layered structure, while after hydrothermal 

etching, the SEM image of Ti3C2Tx exhibits a 2D-layered accordion-like structure (Fig. 

3.3B) [6]. In comparison to Ti3C2Tx/ITO@MIP before elution (Fig. 3.3C), the morphology 

of Ti3C2Tx/ITO@MIP after elution (Fig. 3.3D) exhibits a rougher structure, suggesting the 

complete extraction of template molecules from the MIP film [7]. The EDX spectra of 

Ti3AlC2 and Ti3C2Tx are shown in Figs. 3.3E and 3.3F, respectively. In the EDX spectra of 

Ti3C2Tx, the absence of Al and the presence of Ti, C, O and F confirm the synthesis of 

MXene. 

Fig. 3.3 FESEM micrographs of (A) Ti3AlC2 (B) Ti3C2Tx (C) Ti3C2Tx/ITO@MIP before 

elution (D) Ti3C2Tx/ITO@MIP after elution; EDX analysis of (E) Ti3AlC2 and (F) Ti3C2Tx 
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3.3.2 Electrochemical Characterization 

Cyclic voltammetry (CV) was used to electrochemically analyze the behaviour of each 

modified electrode in a mixture solution of PBS (0.1 M) containing 5mM [Fe(CN)6]
3-/4- and 

NaCl (0.9%). As depicted in Fig. 3.4A, compared to bare ITO (0.28 mA, curve a), the 

Ti3C2Tx modified electrode exhibits a high redox peak current (0.56 mA, curve b) because 

of its large surface area and superior conductivity of Ti3C2Tx that can speed up the electron 

transfer. The redox peak current disappears following electropolymerization (curve c) 

because of the non-conductive MIP film, which prevents electron transmission. After 

elution of the template molecules, the redox peak current significantly increased (0.41 mA, 

curve d). This could be due to the resulting imprinted cavities, which served as a channel 

for the passage of electrons within the MIP matrix. Further, after rebinding LEV molecules, 

the redox peak current drops to 0.32 mA as seen in curve e. This may be because of the 

LEV molecules, which obstruct certain imprinted cavities, preventing electron flow to the 

electrode surface. However, due to the insufficient imprinted cavities, the 

Ti3C2Tx/ITO@NIP electrode shows no appreciable change in response current following 

elution (0.15 mA, curve f). 

Fig. 3.4B displays the CV scan rate (10 to 300 mV/s) study of the Ti3C2Tx/ITO@MIP 

electrode. It is clearly evident from the figure that the oxidation peak shifts towards more 

positive values while the reduction peak shifts towards more negative values with an 

increase in the scan rate. The plot between the redox peak potentials (Epa and Epc) and the 

log (scan rate) deduces a linear relationship (Fig. 3.4C) and follows Eqs. 3.1 and 3.2. 

Epa [Ti3C2Tx/ITO@MIP] = 0.182 (V) + 0.087 (V) * log [v (mV/s)]; R2 = 0.982 (3.1) 

Epc [Ti3C2Tx/ITO@MIP] = 0.225 (V) ‒ 0.087 (V) * log [v (mV/s)]; R2 = 0.989 (3.2) 
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The values of α and Ks representing the electron transfer coefficient and charge transfer 

rate constant for Ti3C2Tx/ITO@MIP electrode calculated by using Laviron’s equation (2.3 

to 2.5) are found to be 0.921 and 0.093 s-1, respectively. 

Fig. 3.4 (A) CV plots of various modified electrodes: (a) ITO (b) Ti3C2Tx/ITO (c) 

Ti3C2Tx/ITO@MIP before elution (d) Ti3C2Tx/ITO@MIP after elution (e) 

Ti3C2Tx/ITO@MIP after rebinding and (f) Ti3C2Tx/ITO@NIP after elution (B) scan rate 

studies (10-300 mV/s) (C) linear plot of redox peak potential with log of scan rate and (D) 

linear curve of peak current vs. square root of scan rate for Ti3C2Tx/ITO@MIP electrode    

Further, the anodic and cathodic peak currents in Fig. 3.4D show a linear trend with square 

root of corresponding scan rate. Thus, it is confirmed that the electron transport from 

Ti3C2Tx/ITO@MIP electrode follows a diffusion-controlled process as described by Eqs. 

3.3 and 3.4. 

Ipa [Ti3C2Tx/ITO@MIP] = 166.5 (μA) + 38.3 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 = 0.990     (3.3) 
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Ipc [Ti3C2Tx/ITO@MIP] = ‒188.0 (μA) ‒ 28.6 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 = 0.988    (3.4) 

The slopes of the above equations (3.3 and 3.4) and the Randles-Sevick equation (Eq. 2.6) 

are utilized further to calculate the diffusion coefficient (D) and electroactive surface area 

(A) for the Ti3C2Tx/ITO@MIP electrode. The D and A values are found to be 7.45×10-6 

cm2/s and 0.22 cm2, respectively. 

3.3.3 Optimization Studies 

3.3.3.1 Effect of pH 

The structural stability of MIP film may be impacted by the pH of electrolyte solution. 

Hence, the effect of various pH values between 4.0 to 9.0 was tested on the development 

of MIP film. It is revealed that the maximum peak response was observed at pH 7, as shown 

in Fig. 3.5A. This effect occurs because excessively acidic or alkaline conditions can 

degrade the imprinted film’s structural integrity, thereby lowering its sensitivity [8]. Thus, 

pH 7 is the ideal optimum condition for preparing the MIP film. 

3.3.3.2 Effect of template to functional monomer 

A template (LEV) to functional monomer (py) ratio is another factor influencing the 

generation of recognition cavities in polymer matrix during the electropolymerization 

process. As illustrated in Fig. 3.5B, the peak response increases as the monomer shifts from 

1:1 to 1:9 and the maximum current is achieved at 1:5. This is due to the fact that a low 

concentration of monomer cannot bind enough template molecules while a high 

concentration of monomer causes self-polymerization which restricts the template-

monomer concentration and hinders the electron transfer process. As a result, a 1:5 is set to 

be the ideal ratio for further experimental studies. 
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3.3.3.3 Effect of electropolymerization scan cycles 

The MIP film’s thickness which affects both the number of imprinted cavities and the 

sensor’s sensitivity is determined by the number of scan cycles [9]. As depicted in Fig. 

3.5C, the current response increases when the number of cycles increases from 4 to 10 due 

to the creation of more imprinting cavities. However, the current declines after 10 scan 

cycles as more scan cycles create a thicker MIP film that prevents the elution of template 

molecules. Hence, 10 scan cycles are ideal for the electropolymerization of MIP film. 

3.3.3.4 Effect of scan rates 

The scan rate is another crucial parameter for developing the MIP film as it influences the 

density of MIP film. As shown in Fig. 3.5D, the sensor’s performance was examined at the 

scan rates ranging from 30 to 80 mV/s. A maximum peak signal was recorded at 50 mV/s 

scan rate. It is clear that a low scanning rate raises the density of the MIP film due to the 

slow binding of template to the functional monomer [10]. However, a high scan rate results 

in the formation of loose MIP film due to the insufficient interaction between the template 

and functional monomers. Therefore, 50 mV/s is set to be the optimum scan rate. 

3.3.3.5 Effect of elution time 

Elution time is another parameter for the sensor’s optimal performance. As illustrated in 

Fig. 3.5E, the peak signal rises steadily as the elution time increases from 5 to 20 min, 

reaching its maximum at 20 min. This suggests that the maximum template molecules were 

extracted from the polymer matrix leading to the development of corresponding cavities. 

However, after 20 min, the current significantly drops as prolonged elution time damages 

the MIP film’s surface. Hence, the optimal elution time for an effective elution of template 

molecules was chosen to be 20 min for further studies. 
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3.3.3.6 Effect of incubation time 

The binding of LEV to MIP sites is also influenced by the incubation time. Fig. 3.5F shows 

that the current response decreases with an increase in incubation time and stabilizes after 

10 min of adsorption indicating rebinding of LEV moieties to the generated imprinted 

cavities on fabricated electrode surface. This saturation represents the sensor's equilibrium 

binding capacity.  Thus, 10 min was selected as the optimum incubation time. 

 

Fig. 3.5 Optimization key parameters for (A) electropolymerization solution pH (B) 

template to functional monomer (LEV: Pyrrole) concentration ratio (C) number of scan 

cycles (D) scan rate (E) elution time and (F) adsorption time of Ti3C2Tx/ITO@MIP for 

LEV 

3.3.4 Performance of MIP Sensor for LEV Detection 

The electrochemical behaviour of the fabricated Ti3C2Tx/ITO@MIP electrode has been 

used to detect LEV using the DPV technique. As seen in Fig. 3.6A, an anodic peak current 

decreases continuously when the Ti3C2Tx/ITO@MIP electrode was subjected to higher 
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concentrations of LEV (1 pM-100 nM). This decline in peak current is observed when LEV 

molecules block the imprinted sites, thereby obstructing the flow of the redox probe from 

the electrolytic solution to the MIP electrode surface. 

Fig. 3.6 (A) DPV response study of Ti3C2Tx/ITO@MIP electrode after incubation at various 

concentrations (1 pM-100 nM; top to bottom) of LEV and (B) Plot depicting the linearity 

between ΔI and log (CLEV) 

 A calibration plot between ΔI with respect to the logarithm of LEV concentration depicts 

a linear behaviour (Fig. 3.6B) and follows the following regression equation: 

Current (µA) = 42.23 µA + 9.649 µA pM-1 × log CLEV; R2 = 0.979 

The detection limit (Eq. 2.10) and the sensitivity (Eq. 2.11) of the fabricated 

Ti3C2Tx/ITO@MIP electrode were calculated to be 0.76 pM and 40.20 µA pM-1 cm-2, 

respectively. As observed, the fabricated MIP sensor provides an efficient platform for 

detecting the low concentrations of LEV. 

3.3.5 Selectivity, Reproducibility, and Stability Studies 

The selectivity of the fabricated MIP sensor was examined in the presence of other 

interfering substances including antibiotics (NOR, CIP and OME) as well as organic and 

inorganic salts (GLU, Na+ and CO3
2-). Fig. 3.7A clearly shows that even with a 10 times 
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higher concentration of these interfering analytes (10 nM) than LEV (1 nM), the fabricated 

MIP sensor demonstrates a negligible change in peak current confirming its high selectivity 

towards LEV. Moreover, to examine the specificity, the MIP sensor was tested with a 

mixture of the aforementioned interfering analytes containing LEV and it exhibits a 

positive response for detecting LEV. This indicates that the developed MIP sensor is highly 

specific for detecting LEV.  

 

Fig. 3.7 (A) Interference study of Ti3C2Tx/ITO@MIP electrode in the presence of other 

interfering species (10 nM) with respect to LEV (1 nM) (B) Reproducibility of the 

fabricated Ti3C2Tx/ITO@MIP sensor and (C) Stability of Ti3C2Tx/ITO@MIP sensor  

Five independent MIP electrodes were constructed under the optimized conditions to check 

the reproducibility of the fabricated Ti3C2Tx/ITO@MIP electrode for LEV detection and 

shown in Fig. 3.7B. Our results show an RSD of 3.75% with respect to 10 nM LEV 

indicating a good reproducibility of fabricated MIP electrode. Furthermore, the stability of 
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developed sensor was evaluated by exposing it to 10 nM LEV weekly over a four-week 

period (Fig. 3.7C). The DPV current shows that the sensor retained 75.4% of its initial 

value after four weeks, confirming its acceptable stability. 

3.3.6 Real Sample Analysis 

The practicability of the proposed Ti3C2Tx/ITO@MIP sensor for determining LEV was 

evaluated using two real samples: tap water and a soil sample. Different concentrations of 

LEV (0.1, 1 and 10 nM) were spiked to diluted real samples, and the DPV response was 

measured. The results show a good recovery range of 93.6% to 104.5% of LEV for spiked 

real samples with an RSD value < 5% and the data are presented in Table 3.1. This suggests 

that the fabricated sensor has satisfactory accuracy for the electrochemical detection of 

antibiotics in real samples. 

 

 

Table 3.1: Detection of LEV in spiked real samples using Ti3C2Tx/ITO@MIP electrode 

 

 

 

 

 

 Sample 

 

 Added (nM) 

Ti3C2Tx/ITO@MIP 

Found (nM)     Recovery (%)           RSD (%) 

 

    Soil 

0 0 - - 

0.1 0.093 93.6 4.65 

1 0.949 94.9 3.69 

10 9.69 96.9 2.19 

 

    Tap 

   water 

0 0 - - 

0.1 0.096 96.1 2.78 

1 1.04 104.5 3.11 

10 9.36 93.6 4.61 
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3.4 Conclusion 

In this chapter, a rapid and highly sensitive electrochemical sensing platform integrated 

with a molecular imprinted polymer approach using Ti3C2Tx has been successfully 

constructed for the detection of LEV. This MIP sensor exhibits excellent electrochemical 

response with a high sensitivity (40.20 µA pM-1 cm-2), dynamic linear detection range from 

1 pM-100 nM and low detection limit (0.76 pM) due to a large specific area and good 

electrical conductivity of Ti3C2Tx. Additionally, the practicability of the proposed MIP 

sensor was successfully validated for detecting the LEV in spiked real samples. 

The results of the present study have been published in “Journal of Materials Science” 

59, 21684-21695 (2024) 
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Titanium Dioxide Anchored MXene-based 

Molecularly Imprinted Electrochemical Sensor for 

Antibiotic Detection 

4.1 Introduction 

This study employed the ultrasensitive determination of levofloxacin by using 

hydrothermally synthesized TiO2-Ti3C2Tx modified MIP-based electrochemical sensor 

(Fig.4.1). Here, TiO2 boosts the stability of the MXene in two ways: (i) by acting as a 

barrier to prevent the inner structure of Ti3C2Tx from oxidative deterioration and (ii) by 

widening the interlayer spacing between the MXene sheets to prevent the aggregation [1, 

2]. Thus, the synergistic effect of the TiO2-Ti3C2Tx composite results in remarkable 

electrical conductivity, a large specific area and good electrocatalytic activity towards 

levofloxacin oxidation, and it has been successfully utilised for real sample analysis. 

  Fig. 4.1 Diagrammatic illustration showing the fabrication of TiO2-Ti3C2Tx-based MIP 

electrochemical sensor

CHAPTER‒ 4 



Chapter-04: Titanium Dioxide Anchored MXene-based … 

70 

4.2 Experimental Details 

4.2.1 Synthesis of Ti3C2Tx and TiO2-Ti3C2Tx 

Synthesis process used for the preparation of Ti3C2Tx has been discussed in chapter 3. To 

prepare the TiO2-Ti3C2Tx composite, the synthesized Ti3C2Tx (80 mg) and NaBF4 (220 mg) 

were dissolved in 0.1 M HCl (20 mL) with constant stirring for 1 h. Then, the solution was 

placed in a Teflon-lined autoclave for hydrothermal treatment at a temperature of 180°C for 

8 h. After that, the solution was cooled down at room temperature and the resulting grey 

material was centrifuged and then washed with a DI water/ethanol mixture and finally 

vacuum-dried at 60°C [3]. 

4.2.2 Electrophoretic Deposition of TiO2-Ti3C2Tx 

The electrophoretic deposition technique was employed to deposit the prepared composite 

material onto a pre-hydrolyzed ITO coated glass substrate. Prior to the deposition process, 

a colloidal solution of TiO2-Ti3C2Tx (0.8 mg) was prepared through ultrasonication in DI 

water (15 mL). After optimizing several potentials, a smooth and uniform film of the 

composite was formed after 10 sec at a DC potential of 10 V. 

4.2.3 Fabrication of TiO2-Ti3C2Tx Modified MIP-based Electrochemical 

Sensing Platform 

Initially, the TiO2-Ti3C2Tx modified ITO was submerged in a phosphate buffer solution (0.1 

M) of pH 7 containing template molecules (LEV, 0.4 mM) and functional monomer

(pyrrole, 1.6 mM). Afterwards, the MIP film was deposited onto the TiO2-Ti3C2Tx/ITO via 

cyclic voltammetry with a potential range of 0.6 to 1.6 V at a scanning rate of 75 mV/s for 

8 scan cycles to create TiO2-Ti3C2Tx/ITO@MIP. After electropolymerization, the MIP 

electrode was immersed in a desorption solution of 0.2 M sodium hydroxide and an ethanol 

solution for 25 min and stirred it to elute the embedded LEV molecules from the MIP layer. 
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Finally, the fabricated electrode was washed with DI water and finally dried at room 

temperature. A non-imprinted electrode (TiO2-Ti3C2Tx/ITO@NIP) was developed as a 

control using the same approach but without the addition of template molecules during the 

electropolymerization process. 

4.3 Results and Discussion 

4.3.1 Structural Studies 

Fig. 4.2A depicts the XRD pattern of Ti3AlC2 (black), Ti3C2Tx (red) and TiO2-Ti3C2Tx 

(blue). After hydrothermal etching, the diffraction peak of Ti3AlC2 at 2θ=39.1° disappeared 

from the spectra of Ti3C2Tx suggesting the structural destruction of the Ti3AlC2 and a 

complete removal of Al layer to form the MXene. Besides, a significant shift of the peak at 

2θ=9.4° (Ti3AlC2) towards a lower angle of 6.4° for Ti3C2Tx and 6.1° for TiO2-Ti3C2Tx, 

indicating the increase in the interlayer spacing of Ti3C2Tx and TiO2-Ti3C2Tx. The interlayer 

spacing of Ti3AlC2, Ti3C2Tx and TiO2-Ti3C2Tx was calculated using 2d sin θ = nλ and found 

to be 9.7 Å, 13.7 Å and 14.4 Å, respectively. Moreover, the peaks located for TiO2-Ti3C2Tx 

at 2θ= 25.3°, 37.7°, 48.0°, 54.1°, 55.0°, 62.6° ,68.9°,70.1° and 75.0° represents the anatase 

form of TiO2 [4] . 

Fig. 4.2B shows the FTIR spectra of Ti3C2Tx (black) and TiO2-Ti3C2Tx (red). The two 

vibrational bands at 2974 and 2859 cm-1 for Ti3C2Tx and TiO2-Ti3C2Tx correspond to the 

C‒H bond stretching vibration while the functional groups present on Ti3C2Tx surface were 

confirmed by the characteristic bands occurring at 1608, 1394 and 1054 cm-1 which denotes 

the stretching vibrations of C=O, O‒H and C‒F bonds, respectively. Additionally, a band 

occurring within 400-800 cm-1 range is attributed to the stretching vibration of the Ti‒O 

bond (TiO2-Ti3C2Tx) [3]. 

The structural features of the synthesized 2D materials were further characterized by using 

Raman spectroscopy (Fig. 4.2C). In the Raman spectrum of Ti3C2Tx (black curve), the three 
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characteristic peaks appeared at 207, 392 and 603 cm-1 correspond to the ‒O, ‒F and ‒OH 

surface terminal groups on the MXene surface [5]. Additionally, the characteristic D band 

at 1376 cm-1 and G band at 1584 cm-1 represent the disordered carbon and stretching 

vibration of sp2 hybridized carbon atoms, respectively [6]. The Raman spectrum of TiO2-

Ti3C2Tx (red curve) shows all the characteristic peaks of Ti3C2Tx along with a prominent 

peak at 155 cm-1 corresponding to the anatase form of TiO2. 

Fig. 4.2 (A) XRD spectra of Ti3AlC2 (black), Ti3C2Tx (red), TiO2-Ti3C2Tx (blue) (B) FTIR 

and (C) Raman spectra of Ti3C2Tx (black) and TiO2-Ti3C2Tx (red) 

4.3.2 Morphological Studies 

FESEM and EDX techniques were employed to examine the surface morphologies of the 

prepared 2D materials and polymerized electrodes (TiO2-Ti3C2Tx/ITO@MIP before elution 
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and TiO2-Ti3C2Tx/ITO@MIP after elution) as shown in Fig. 4.3. Before etching, the 

FESEM image of Ti3AlC2 shows a packed layered structure (Fig. 4.3A), whereas after 

etching, the Ti3C2Tx represents the 2D lamellar accordion-like structure as shown in Fig. 

4.3B. It can be clearly seen in Fig. 4.3C that the morphological structure of the composite 

(TiO2-Ti3C2Tx) depicts a uniformly sized and evenly dispersed 2D-TiO2 sheet on the 

layered Ti3C2Tx surface [7]. Prior to template elution, a smooth and uniform MIP layer was 

seen on the TiO2-Ti3C2Tx/ITO surface (Fig. 4.3D). After template elution, the surface of 

the MIP-modified electrode (TiO2-Ti3C2Tx/ITO@MIP) becomes rougher suggesting that 

the cavities are imprinted upon exposure to the template molecules [8] as illustrated in Fig. 

4.3E. Furthermore, the EDX of the TiO2-Ti3C2Tx composite shows the presence of Ti, O, 

C and F indicating the purity of the synthesized material (Fig. 4.3F). 

 

Fig. 4.3 FESEM images of (A) Ti3AlC2 (B) Ti3C2Tx (C) TiO2-Ti3C2Tx (D) TiO2-

Ti3C2Tx/ITO@MIP before elution (E) TiO2-Ti3C2Tx/ITO@MIP after elution and (F) EDX 

spectra of TiO2-Ti3C2Tx 
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4.3.3 Electrochemical Studies 

To investigate the electrochemical characteristics and interfacial charge kinetics of each 

modified electrode, cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS) measurements were conducted in a mixture of 5mM [Fe(CN)6]
3-/4- and NaCl (0.9%). 

Fig.4.4A shows that the TiO2-Ti3C2Tx/ITO has the maximum peak response (0.75 mA, 

curve c) when compared to bare ITO (0.29 mA, curve a) and Ti3C2Tx/ITO (0.51 mA, curve 

b). This is due to the high conductivity of Ti3C2Tx and the chemical functionalities of TiO2, 

which may accelerate electron transfer. After electropolymerization of Ppy-LEV at the 

electrode surface, the redox peak nearly vanishes (curve d), which is attributed to the non-

conductive nature of the MIP film, which prevents electron transmission. Following the 

extraction of the bound LEV molecules from the polymer matrix, the redox peak current 

significantly increased (0.60 mA, curve e). This indicates that the formation of imprinted 

cavities facilitates the conduit for the transmission of electrons within the MIP film. 

Additionally, the redox peak current drops (0.47 mA, curve f), indicating that the LEV 

molecules are blocking some imprinted sites and impeding electron transfer to the electrode 

surface. On the other hand, the TiO2-Ti3C2Tx/ITO@NIP electrode did not exhibit a 

substantial change in peak current upon elution (curve g) due to the inadequate imprinted 

cavity development. 

EIS was used to analyze each modified electrode’s charge transfer resistance (Rct) at a fixed 

potential of 0.01 V and a frequency range of 0.01 to 105 Hz. The Nyquist plot in the EIS 

spectrum consists of a linear part that represents the diffusion-controlled process at lower 

frequencies and a semicircular part that represents the limited electron transfer mechanism 

at higher frequencies. As shown in Fig. 4.4B, the Rct of TiO2-Ti3C2Tx/ITO drops to 240 Ω 

(curve c) in contrast to bare ITO (1560 Ω, curve (a)) and Ti3C2Tx/ITO (581 Ω, curve (b)). 

This suggests that the synergistic effect of the synthesized composite enhances the electron 
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transfer at the electrode/electrolyte interface. When Ppy-LEV film is assembled on TiO2-

Ti3C2Tx/ITO, the non-conductive MIP layer inhibits electron transfer causing Rct to rise 

sharply to 6370 Ω (curve d). After template elution, the Rct further drops to 439 Ω (curve 

e), confirming the formation of imprinted cavities that offer an electron transfer channel 

between the electrode and electrolyte interface. The Rct rises to 705 Ω (curve f) after the 

LEV molecules rebound, suggesting the LEV reduces the electron transfer of redox probe 

by occupying some cavities. Notably, upon elution, the Rct value for TiO2-

Ti3C2Tx/ITO@NIP electrode was found to be 1650 Ω (curve g) demonstrating the lack of 

formation of imprinted sites. These results are consistent with the earlier CV findings. 

Fig. 4.4 (A) CV plots and (B) EIS curves of various modified electrodes: (a) ITO (b) 

Ti3C2Tx/ITO (c) TiO2-Ti3C2Tx/ITO (d) TiO2-Ti3C2Tx/ITO@MIP before elution (e) TiO2-

Ti3C2Tx/ITO@MIP after elution (f) TiO2-Ti3C2Tx/ITO@MIP after rebinding and (g) TiO2-

Ti3C2Tx/ITO@NIP after elution 

Furthermore, the interfacial kinetics of the TiO2-Ti3C2Tx/ITO@MIP electrode were 

examined at various scan rates (10-300 mV/s) by using the CV technique (Fig. 4.5A). As 

shown in Fig. 4.5B, plotting the redox potentials (Epa and Epc) with the log of scan rate 

reveals a linear behaviour that corresponds to Eqs. 4.1 and 4.2. 



Chapter-04: Titanium Dioxide Anchored MXene-based … 

 
76 

 

Epa [TiO2-Ti3C2Tx/ITO@MIP] = 0.146 (V) + 0.098 (V) * log [v (mV/s)]; R2 = 0.996          (4.1) 

Epc [TiO2-Ti3C2Tx/ITO@MIP] = 0.215 (V) ‒ 0.164 (V) * log [v (mV/s)]; R2 = 0.995          (4.2) 

 

Fig. 4.5 (A) CV curves of scan rate studies (10-300 mV/s) (B) linear curves of redox peak 

potential with log of scan rate, and (C) linear curves of peak current vs. square root of scan 

rate for TiO2-Ti3C2Tx/ITO@MIP electrode      

Similarly, the peak currents (Ipa and Ipc) when plotted with respect to the square root of the 

corresponding scan rate show a linear pattern (Fig. 4.5C) and suggests that the electron 

transfer process is diffusion-controlled and follows Eqs. 4.3 and 4.4. 

Ipa [TiO2-Ti3C2Tx/ITO@MIP] = 256.7 (μA) + 53.1 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 = 0.997 (4.3) 

Ipc [TiO2-Ti3C2Tx/ITO@MIP] = ‒218.9 (μA) ‒ 44.2 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 = 0.997 (4.4)  

Moreover, the quantitative parameters such as the diffusion coefficient (D), surface 

coverage area (τ) and electroactive surface area (A) of the developed electrode have been 
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calculated using the slope of the above equations and the Randles-Sevick equation (Eqs. 

2.6 and 2.7). The values of D, τ and A are calculated to be 10.94×10-6 cm2/s, 3.45×10-8 

mol/cm2 and 0.24 cm2, respectively. 

4.3.4 Optimization Parameters 

4.3.4.1 Effect of pH of electropolymerization solution 

The pH of electrolyte might affect the MIP film’s structural stability. As illustrated in Fig. 

4.6A, the electrolyte’s pH was examined between 4.0 and 9.0 and it was discovered that 

the maximum current signal was attained at pH 7. The reason for this phenomenon is that 

an excessively acidic or alkaline environment can weaken the structural integrity of the 

imprinted film thereby reducing its sensitivity. Therefore, the optimum pH for fabricating 

the MIP film was determined to be 7.0. 

4.3.4.2 Effect of template on functional monomer ratio 

The generation of recognition sites within the polymer matrix is influenced by the 

variations in template-to-monomer ratio. As seen in Fig. 4.6B, the peak response rises as 

the monomer ratio shifts from 1:1 to 1:4. This is because a higher concentration of monomer 

produces more recognition cavities for the template molecules. On the other hand, an 

excessive concentration of monomer causes self-polymerization which limits the template-

monomer interactions and impedes the electron transfer process. As a result, 1:4 was 

determined to be the ideal molar ratio. 

4.3.4.3 Effect of scan cycles 

The scan cycle numbers determine its thickness which impacts both the number of 

imprinted cavities and the sensor’s sensitivity. As shown in Fig. 4.6C, the maximum peak 

current was reached during 8 scan cycles. This is due to the fact that more scan cycles result 

in a thicker MIP film which hinders the elution of the template molecule whereas fewer 
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scan cycles lead to a thinner membrane resulting in fewer imprinted sites. Therefore, 8 scan 

cycles were determined to be the optimal conditions. 

4.3.4.4 Effect of scan rate 

During the electropolymerization process, the scan rate affects the density of the MIP film. 

As shown in Fig. 4.6D, the sensor's performance was evaluated at different scan rates 

ranging from 25 to 125 mV/s. According to DPV analysis, the maximum peak current was 

observed at a scan rate of 75 mV/s. This is due to the fact that at a low scanning rate, the 

density of the MIP film increases which further inhibits template elution and reduces the 

number of recognition binding sites. The current decreases when the scanning speed is too 

high leading to the formation of a loose MIP film due to inadequate interaction between the 

template molecule and the monomer. Hence, a scan rate of 75 mV/s was selected as the 

optimal condition. 

4.3.4.5 Effect of elution time 

Elution time is a crucial parameter for the sensor’s excellent performance. As depicted in 

Fig. 4.6E, the highest response current was achieved at 25 min of elution time suggesting 

the elution of the template molecules from the polymer matrix. However, a longer elution 

time damages the structure of the MIP film resulting in a decrease in current response. Thus, 

25 min was the ideal elution time for efficient removal of template molecules. 

4.3.4.6 Effect of incubation time 

Incubation time is another parameter which influences the LEV binding to the MIP sites. 

Fig. 4.6F demonstrates that the peak current decreases and stabilizes beyond 10 min after 

adsorption indicating the binding of the LEV moiety to the imprinted cavities. Therefore, 

10 min was chosen as the ideal adsorption time. 
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Fig. 4.6 Optimization key parameters for preparing TiO2-Ti3C2Tx/ITO@MIP electrode: (A) 

Effect of electrolytic solution pH (B) concentration ratio of template to monomer (C) scan 

cycles (D) scan rate (E) elution time and (F) incubation time 

4.3.5 Analytical Performance of TiO2-Ti3C2Tx/ITO@MIP  

Using the DPV method, the electrochemical performance of the TiO2-Ti3C2Tx/ITO@MIP 

electrode was studied at various LEV concentrations ranging from 1 pM to 100 nM. It is 

found that the peak current declines continuously with an increase in LEV concentration, 

as shown in Fig. 4.7A. This decline in anodic peak current occurs due to the occupation of 

the imprinted cavities by the LEV molecules, which hampers the electron transfer process 

of the redox probe from the electrolytic solution to the electrode surface. Fig. 4.7B shows 

a calibration plot between the inhibition current (ΔI) and the logarithm of LEV 

concentration (CLEV), which depicts a linear behaviour with the following equation: 

Current (µA) = 42.63 µA+12.73 µA pM-1 × log CLEV; R2 = 0.985  
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Fig. 4.7 (A) DPV response study of fabricated TiO2-Ti3C2Tx/ITO@MIP electrode at various 

LEV concentrations (1 pM-100 nM) and (B) calibration plot depicting a linear behaviour 

between the ΔI and log (CLEV) 

By using the slope of the above calibration plot and TiO2-Ti3C2Tx/ITO@MIP electrode’s 

effective surface area, the sensitivity was calculated to be 58.04 µA (pM-1) cm-2. 

Additionally, the LOD for the fabricated sensor was found to be 0.41 pM which is 

calculated by using the equation, i.e., 3σ/sensitivity where σ represents the standard 

deviation of MIP sensor. Due to the large surface area, the superior electrochemical 

properties and precise MIP recognition of the synthesized composite, the developed MIP 

sensor outperforms in terms of high sensitivity, low LOD and wider detection range. 

4.3.6 Interference, Reproducibility, Repeatability and Stability Analysis 

The anti-interference ability of the developed MIP sensor was investigated by incubating 

the TiO2-Ti3C2Tx/ITO@MIP electrode with 10 nM of different interfering analytes 

including several antibiotics (NOR, CIP, OME, AZY and AMP) as well as some organic 

and inorganic analytes such as glucose (GLU), uric acid, NO3
-, KCl and SO4

2- with a 

coexistence of 0.1 nM LEV. It is clearly observed from Fig. 4.8(A) that even with a 100 

times higher concentration of these interfering species, the proposed TiO2-
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Ti3C2Tx/ITO@MIP sensor shows no significant change in peak current suggesting high 

selectivity for LEV detection. Furthermore, the specificity of the MIP sensor was examined 

with a mixture of all interfering analytes, in addition to LEV. The MIP sensor exhibits a 

positive response towards LEV confirming the high specificity of the sensor. 

To examine the reproducibility of the TiO2-Ti3C2Tx/ITO@MIP sensor under the optimal 

conditions, 5 independent MIP electrodes were prepared for LEV detection. The prepared 

electrodes were then subjected to a 0.1 nM LEV concentration and then DPV current 

response was recorded. The results reveal an RSD value of 2.10% (Fig. 4.8B) suggesting 

good reproducibility of this fabricated sensor. 

Fig. 4.8 (A) Interference study of TiO2-Ti3C2Tx/ITO@MIP electrode in presence of other 

interfering species (10 nM) along with 0.1 nM LEV (B) Reproducibility of the fabricated 

TiO2-Ti3C2Tx/ITO@MIP sensor (C) Repeatability of the fabricated TiO2-

Ti3C2Tx/ITO@MIP sensor and (D) Shelf-life study of the TiO2-Ti3C2Tx/ITO@MIP sensor 
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The repeatability of this fabricated TiO2-Ti3C2Tx/ITO@MIP sensor was evaluated using ten 

consecutive measurements in the presence of 0.1 nM LEV yielding an RSD of 2.12% (Fig. 

4.8C) which suggests an excellent repeatability of the MIP sensor. Furthermore, to assess 

the shelf life of the fabricated MIP sensor, the DPV response of the TiO2-

Ti3C2Tx/ITO@MIP electrode was measured with 0.1 nM LEV weekly over a period of five 

weeks (Fig. 4.8D). It is observed that the sensor retains 82.8% of its initial value after 5 

weeks confirming the acceptable stability for LEV detection. 

4.3.7 Real Sample Analysis 

Table 4.1: Detection of LEV in spiked real samples using TiO2-Ti3C2Tx/ITO@MIP 

electrode 

 

     

      Sample 

  

  Added (nM) 

TiO2-Ti3C2Tx/ITO@MIP 

     Found (nM)     Recovery (%)       RSD (%) 

       

      Urine 

0 0 - - 

0.001 0.0009 92.6 5.38 

0.01 0.009 90.0 7.38 

0.1 0.102 102.9 2.05 

   

  Human serum 

0 0 -      -  

0.001 0.0009 95.2 3.41 

0.01 0.009 96.3 2.64 

0.1 0.099 99.0 0.67 

     

         

         Soil 

0 0 - - 

0.001 0.0009 93.6 4.65 

0.01 0.009 92.4 5.57 

0.1 0.09 96.3 2.66 

 

   River water 

0 0 - - 

0.001 0.0009 95.7 3.09 

0.01 0.009 99.4 0.40 

0.1 0.097 97.4 1.83 
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To assess the practical utility of this fabricated MIP sensor, the TiO2-Ti3C2Tx/ITO@MIP 

electrode was analyzed to detect LEV in spiked biological samples (urine and human 

serum) and environmental samples (river water and soil). Before analysis, these real 

samples were diluted 50 times by using 0.1 M PBS of pH 7 and then spiked with varying 

LEV concentrations (0.001, 0.01 and 0.1 nM) to assess the recovery. The recovered 

percentage of LEV ranging from 90.0 to 102.9 % with an RSD <10 % and the data have 

been presented in Table 4.1. As a result, the proposed MIP sensor has a great potential for 

detecting LEV residues in biological and environmental samples. 

4.4 Conclusion 

This chapter reports the development of an efficient and simple TiO2-Ti3C2Tx functionalized 

MIP electrochemical sensor for the selective detection of LEV. The hydrothermally 

synthesized 2D/2D TiO2-Ti3C2Tx composite possesses large surface area and better electrical 

conductivity enhances the electrochemical response of MIP sensor by providing abundant 

imprinted sites for binding LEV molecules. The incorporation of TiO2 into Ti3C2Tx improves 

charge-transfer efficiency and prevents restacking which results in the improvement in the 

overall stability and sensitivity of the fabricated sensor. Under optimal experimental 

conditions, the TiO2-Ti3C2Tx/ITO@MIP sensor exhibits good linearity in the concentration 

range of 1 pM to 100 nM, with a low detection limit of 0.41 pM. This sensor also shows the 

superior selectivity, good reproducibility and acceptable stability. Moreover, satisfactory 

detection of LEV in spiked real samples, with a recovery range of 90.0 to 102.9%, indicates 

the accuracy and reliability of the proposed MIP sensor for its potential application in various 

fields. 

The results of the present study have been published in “Journal of Solid State 

Electrochemistry” 29, 5283-5295 (2025). 
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CuS Embedded Ti3C2Tx-based Molecularly 

Imprinted Impedimetric Sensor for Levofloxacin 

Detection 

5.1 Introduction 

Herein, we have developed an MIP-based impedimetric sensor for levofloxacin detection 

by synergistically integrating CuS with 2D-Ti3C2Tx (Fig. 5.1). The incorporation of CuS 

with Ti3C2Tx provides an increased surface area and abundant active sites, which facilitate 

LEV adsorption and further amplify the electrochemical signal response by enhancing 

electron transfer kinetics [1, 2]. The fabricated sensor exhibits good selectivity and a low 

detection limit for the detection of LEV. The details of the synthesis, characterisation, 

optimisation and electrochemical parameters of MIP sensor are being described in the 

following sections. 

Fig. 5.1 Scheme representing the CuS/Ti3C2Tx modified MIP impedimetric sensor for LEV 

detection

CHAPTER‒ 5 
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5.2 Experimental Details 

5.2.1 Synthesis of CuS and CuS/Ti3C2Tx 

 CuS was synthesized in a similar manner as described earlier with slight modifications [3]. 

Firstly, 0.31 g each of copper sulfate and sodium thiosulfate was added to 20 mL of 

deionised water separately and agitated for 15 min. Afterwards, both solutions were mixed 

together while stirring for 30 min to obtain a homogeneous solution and then placed in an 

autoclave and treated at 150°C for a duration of 12 h. As the reactor reached to room 

temperature, the obtained dark-coloured precipitate was centrifuged and cleaned using a DI 

water/ethanol mixture. Then, the obtained product was vacuum-dried at 60°C. 

 CuS/Ti3C2Tx composite was obtained by using one-pot hydrothermal method [4]. Initially, 

the prepared Ti3C2Tx (120 mg), copper sulfate (156 mg) and sodium thiosulfate (155 mg) 

were dissolved thoroughly in 20 mL deionised water separately. After mixing all the 

solutions under constant stirring, the homogeneous mixture solution was transferred to 

autoclave (100 mL) and heated the same at 150°C for 12 h. Further, as it cooled down to 

room temperature, the resulting material was washed multiple times with DI water/ethanol 

mixture under centrifugation followed by vacuum drying at 60°C for 12 h. 

5.2.2 Electrophoretic Deposition of CuS/Ti3C2Tx 

To fabricate the sensor, the synthesized CuS/Ti3C2Tx composite was deposited onto a pre-

hydrolyzed conducting glass substrate coated with indium tin oxide (ITO) by utilizing the 

electrophoretic deposition technique. To achieve this goal, the synthesized composite (0.8 

mg) was dispersed in 20 mL of DI water by an ultrasonification process. A two-electrode 

setup was employed for the EPD process consisting of a Pt wire and ITO which act as the 

reference and working electrode, respectively by keeping them 1cm apart. A thin and 

uniform film of CuS/Ti3C2Tx was deposited onto the ITO surface after exposure to an 

optimized DC potential of 12 V for 8 sec. 
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5.2.3 Fabrication of CuS/Ti3C2Tx/ITO@MIP Sensing Platform 

For sensor fabrication, the CuS/Ti3C2Tx modified ITO was first immersed in an electrolytic 

solution of 0.1 M phosphate buffer (pH 7) containing LEV as template molecules (2 mM) 

and pyrrole as the functional monomer (8 mM). The cyclic voltammetry (CV) was 

employed at a potential window between 0.6 V to 1.6 V for ten consecutive scan segments 

at a scanning rate of 75 mV/s for the electropolymerization of LEV-imprinted Ppy film. 

Subsequently, to extract the template molecules, the constructed MIP electrode was placed 

in a mixture of sodium hydroxide (0.2 M) and ethanol (1:1 v/v) under stirring conditions 

for 25 min, followed by gently rinsing with DI water and drying at room temperature. 

Similarly, a non-imprinted electrode (CuS/Ti3C2Tx/ITO@NIP), serving as a control, has 

been fabricated using the same process without the inclusion of template molecules. 

5.3 Results and Discussion 

5.3.1 Structural Characterization 

The XRD spectra of Ti3AlC2, Ti3C2Tx (black curve), CuS (red curve) and CuS/Ti3C2Tx 

(blue curve) are shown in Fig. 5.2(A). Ti3AlC2 (MAX Phase) shows diffraction peaks at 2θ 

= 9.6°, 19.0°, 34.1°, 36.8°, 39.0°, 41.5°, 48.3°, 56.2°, 60.1° and 65.3°. After hydrothermal 

etching, the XRD spectra of Ti3C2Tx exhibit a broad peak at 6.5° and the absence of the 

39.0° peak confirms the complete elimination of the Al layer indicating the successful 

synthesis of Ti3C2Tx sheets [5]. For CuS, distinct peaks were observed at 2θ = 27.8°, 29.2°, 

31.6°, 32.7°, 48.0°, 52.7° and 60.7°, which confirms the formation of a pure structure of CuS 

without any impurities [6]. On the other hand, the composite (CuS/Ti3C2Tx) exhibits both 

the peaks of Ti3C2Tx and CuS, further indicating the successful integration of CuS onto the 

MXene sheets without altering their crystal structures. The functional groups of Ti3C2Tx 

(black), CuS (red) and CuS/Ti3C2Tx (blue) were analyzed with the help of FTIR 

spectroscopy as illustrated in Fig. 5.2(B).  
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Fig. 5.2 (A) XRD pattern and (B) FTIR spectra of Ti3C2Tx (black), CuS (red) and 

CuS/Ti3C2Tx (blue)  

The FTIR spectra of Ti3C2Tx show peaks at 623, 1390, 1628 and 2911 cm-1 correspond to 

the stretching vibrations of Ti‒O, O‒H, C=O and C‒H bonds, respectively. For CuS, a peak 

at 519 cm-1 represents the stretching vibrations of Cu‒S while the peaks at 857 and 1039 

cm-1 represent the C‒H bending vibrations and C‒O stretching vibrations of absorbed 

alcohol, respectively [7]. FTIR spectra of CuS/Ti3C2Tx exhibit all the characteristic peaks 

of CuS and Ti3C2Tx. 

5.3.2 Morphological Characterization 

FESEM was used to analyze the surface morphologies of prepared materials and fabricated 

electrodes as shown in Fig. 5.3. According to Fig. 5.3A, the morphology of Ti3AlC2 

exhibits a stacked layered structure before LiF etching. After etching, the resulting MXene 

gives a 2D lamellar structure that resembles an accordion shape as displayed in Fig. 5.3B. 

It is clearly seen in Fig. 5.3C that the spherical-shaped CuS is anchored on layered surface 

of MXene. The morphology of CuS/Ti3C2Tx/ITO@MIP before template elution exhibits a 

smooth and uniform surface as depicted in Fig. 5.3D. After elution, the MIP film structure 

collapses and resulting in a rougher and porous surface of the CuS/Ti3C2Tx/ITO@MIP 
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electrode as seen in Fig. 5.3E. The EDX spectrum of CuS/Ti3C2Tx (Fig. 5.3F) reveals the 

presence of Ti, C, O, F, Cu and S which indicates that CuS is loaded onto the Ti3C2Tx sheets. 

 

Fig. 5.3 FESEM micrographs of (A) Ti3AlC2 (B) Ti3C2Tx (C) CuS/Ti3C2Tx (D) 

CuS/Ti3C2Tx/ITO@MIP before elution (E) CuS/Ti3C2Tx/ITO@MIP after elution and (F) 

EDX analysis of CuS/Ti3C2Tx  

5.3.3 Electrochemical Characterization 

The CV and EIS measurements of each modified electrode were conducted to study the 

electrochemical properties and interfacial charge kinetics in a mixture of PBS (0.1 M) 

containing 0.9% NaCl and 5 mM [Fe(CN)6]
3-/4-. Fig. 5.4A shows that the redox peak current 

of CuS/Ti3C2Tx/ITO (curve c) is significantly higher than bare ITO (curve a) and 

Ti3C2Tx/ITO (curve b), owing to the synergistic effect of different components of the 

composite, which could accelerate the electron transfer process. Following Ppy-LEV 

electropolymerization at the CuS/Ti3C2Tx/ITO electrode surface resulted in the 

disappearance of the redox peak current (curve d) because of the poor electron 

transferability of the MIP layer. Notably, the redox peak current increases significantly after 
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the extraction of embedded LEV molecules from the polymer matrix (curve e), indicating that 

the formed imprinted cavities provide a channel for electronic transmission. Furthermore, the 

redox peak current decreases (curve f) after LEV rebinding, confirming that the target analyte 

reoccupies the binding cavities, which hinders the electron transfer of the redox probe. 

Meanwhile, CuS/Ti3C2Tx/ITO@NIP electrode upon elution shows no significant change in 

peak current intensity, as there is no doping of template molecules (curve g). 

 EIS is a practical tool for identifying changes in electrode properties at the electrode surface, 

enabling an understanding of the chemical reactions and processes that have occurred there. 

An EIS study was performed to determine the charge transfer resistance (Rct) of each modified 

electrode in a 0.01-105 Hz frequency range with a set potential of 0.01 V [8]. The Nyquist plot 

consists of a semicircle representing an electron transfer-limited process at higher frequencies 

and a linear line representing diffusion-controlled process at low frequencies. As displayed in 

Fig. 5.4B, the Rct of CuS/Ti3C2Tx/ITO decreases to 38.2 Ω (inset curve c) in comparison to bare 

ITO (67.1 Ω, inset curve (a)) and Ti3C2Tx/ITO (57.0 Ω, inset curve (b)) indicating the fastest 

electron transfer at the electrode/electrolyte sensing interface due to the synergistic effect of 

material. After assembling Ppy-LEV on CuS/Ti3C2Tx/ITO electrode, the Rct significantly 

increases to 1.77 kΩ (curve d) due to the obstruction of electrons by non-conductive MIP layer. 

After template elution, the Rct further decreases to 144 Ω (inset curve e) as the formed imprinted 

cavities transfer the electron between the electrode and electrolyte interface. Rct further 

increases to 152 Ω (inset curve f) after rebinding the LEV molecules. It is because of the reason 

that some cavities are occupied by the LEV which reduces the electron transfer process. 

Notably, the Rct value for CuS/Ti3C2Tx/ITO@NIP electrode was found to be 1.22 kΩ (curve g) 

upon elution, demonstrating the lack of formation of imprinted sites. These findings align with 

the earlier CV results. 
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Fig. 5.4 (A) CV plots and (B) EIS curves of various modified electrodes: (a) ITO (b) 

Ti3C2Tx/ITO (c) CuS/Ti3C2Tx/ITO (d) CuS/Ti3C2Tx/ITO@MIP before elution (e) 

CuS/Ti3C2Tx/ITO@MIP after elution (f) CuS/Ti3C2Tx/ITO@MIP after rebinding and (g) 

CuS/Ti3C2Tx/ITO@NIP after elution 

Further, the scan rate study (10-300 mV/s) has been performed for CuS/Ti3C2Tx/ITO@MIP 

electrode using the CV technique which is depicted in Fig. 5.5A. A linear behaviour has 

been observed in Fig. 5.5B when plotting the redox potential against log scan rate for the 

modified electrode which follows Eqs. 5.1 and 5.2. 

Epa [CuS/Ti3C2Tx/ITO@MIP] = 0.194 (V) + 0.087 (V) * log [v (mV/s)]; R2 = 0.977          (5.1) 

Epc [CuS/Ti3C2Tx/ITO@MIP] = 0.239 (V) ‒ 0.065 (V) * log [v (mV/s)]; R2 = 0.984          (5.2) 

Based on Laviron’s theory (Eqs. 2.3 to 2.5), α and Ks for CuS/Ti3C2Tx/ITO@MIP electrode 

are being calculated and found to be 0.92 and 0.1 s-1, respectively. 

Similarly, a plot of anodic and cathodic peak currents vs. square root of scan rate shows a 

linear dependency indicates a surface-controlled process as depicted in Fig. 5.5C which 

follows Eqs. 5.3 and 5.4. 
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Ipa [CuS/Ti3C2Tx/ITO@MIP] = 147 (μA) + 53 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 = 0.993     (5.3) 

Ipc [CuS/Ti3C2Tx/ITO@MIP] = ‒190 (μA) ‒ 38.7 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 = 0.988   (5.4)     

 

Fig. 5.5 (A) Cyclic voltammograms at various scan rates (10-300 mV/s) (B) linear curves 

of redox peak potential with log of scan rate and (C) linear curves of peak current against 

square root of scan rate for CuS/Ti3C2Tx/ITO@MIP electrode      

Based on the above equations and Randles-Sevick equation (Eqs. 2.6), the electrochemical 

interface characteristics including diffusion coefficient (D) and effective surface area (A) 

were calculated. The values of D and A for the CuS/Ti3C2Tx/ITO@MIP electrode were 

determined to be 18.07×10-6 cm2/s and 0.29 cm2, respectively. Moreover, the average 

surface area (τ) of MIP modified electrode was calculated using Ip=n2 F2Aτν/4RT and found 

to be 2.68×10-8 mol/cm2. 
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5.3.4 Optimization of Experimental Conditions 

For achieving the best performance of fabricated MIP sensor, numerous factors including the 

pH of electrolytic solution, template-to-monomer ratio, number of electropolymerization 

cycles, scan rate effect, elution time and incubation time were optimized in an orderly manner 

by using the EIS approach. The optimal parameters were selected based on the lowest Rct 

value obtained from the EIS data. However, the highest Rct value was chosen for the 

incubation time, which shows the maximum attachment of the LEV molecules into the 

imprinted cavities. The electrolytic solution pH may influence the structural stability and 

imprinting film of the sensor. The pH effect between 5.0 to 9.0 is presented in Fig. 5.6A 

which shows that the lowest Rct value was obtained at pH 7. The reason behind this 

phenomenon is that an excessively acidic or alkaline environment can reduce the sensor’s 

sensitivity by weakening the MIP’s film structural integrity. Therefore, the optimal pH was 

set to be 7 for subsequent measurements. 

The ratio of template molecule to functional monomer can influence the generation of the 

imprinted cavities thereby affecting the sensor efficacy. Therefore, to optimize the molar 

ratio, monomer concentration (pyrrole) was varied while keeping the template molecule 

(LEV) concentration constant. As depicted in Fig. 5.6B, the lowest Rct value was achieved 

at a molar ratio of 1:4. This behavior can be attributed to the fact that the low monomer 

concentration leads to fewer recognition sites while excessive monomer concentration 

causes self-polymerisation. Hence, the optimized molar ratio is 1:4. 

The number of electropolymerization cycles was precisely controlled which in turn affects 

the thickness of MIP film thereby influencing the sensor's performance. As shown in Fig. 

5.6C, the lowest Rct value was observed for 10 scan cycles. This is due to the fact that a 

low number of scan cycles results in a thinner membrane which in turn causes fewer 

recognition sites on the surface of MIP sensor. In contrast, exceeding scan cycles beyond 
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10 produces a thicker Ppy film making it challenging to completely elute LEV molecules. 

Thus, 10 scan cycles were selected for further experimentation. 

The sensor’s performance is influenced by the effect of scan rate which precisely controls 

the density of MIP film. As illustrated in Fig. 5.6D, the effect of scan rate was analysed 

within the range of 25 to 125 mV/s and the lowest Rct value was achieved at a scan rate of 

75 mV/s. This phenomenon may be attributed to the fact that a low scan rate resulted in a 

dense MIP film which prevents template elution and hinders the charge transfer at the 

electrode surface interface. However, a fast scan rate led to the development of loose film 

with insufficient binding cavities and poor stability. Therefore, a scan rate of 75 mV/s has 

been selected as the optimal condition for the preparation of MIP film. 

 

Fig. 5.6 Optimization of the MIP fabrication conditions: Effect of (A) 

electropolymerization pH value (B) template to functional monomer concentration ratio 

(C) MIP scan cycles (D) scan rate (E) elution time and (F) incubation time of 

CuS/Ti3C2Tx/ITO@MIP for LEV 
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Elution time and incubation time are considered to be the crucial parameters that directly 

impact the recognition kinetics of MIP sensor. As shown in Fig. 5.6E, the lowest Rct value 

was observed after 25 min of elution time suggesting the complete extraction of template 

molecules from the Ppy matrix. Fig. 5.6F illustrates the effect of incubation time on the 

charge transfer resistance analyzed over a time period of 5 to 20 min. The Rct value 

increases as the LEV molecules reoccupy the binding sites after absorption hindering 

charge transfer at the electron-solution interface. The maximum charge resistance was 

achieved at 15 min which was chosen as the optimum condition for further studies. 

5.3.5 Electrochemical Response Studies for LEV Determination 

Under optimal experimental conditions, EIS measurements were conducted to investigate 

the analytical performance of the proposed CuS/Ti3C2Tx/ITO@MIP sensor for LEV 

detection. As illustrated in Fig. 5.7A, the EIS Nyquist curves exhibit a higher impedimetric 

response with increasing LEV concentrations, which ranged from 0.01 to 1000 pM. 

 

Fig. 5.7 (A) Electrochemical response of the fabricated CuS/Ti3C2Tx/ITO@MIP sensor 

against various LEV concentrations (0.01-1000 pM) using the EIS method and (B) Linear 

fit curve between the logarithm of different LEV concentrations and Δ Rct 



Chapter-05: CuS Embedded Ti3C2Tx-based … 

 
96 

 

This indicates that a larger number of imprinted sites are occupied by the LEV molecules 

which in turn obstructs the charge transfer transition for the redox probe. As described in 

Fig. 5.7B, a linear behaviour is found between the Δ Rct and logarithm of LEV 

concentration with a linear regression equation of Rct = 10.16 Ω pM-1 × log CLEV + 35.67 

Ω; R2=0.986. Additionally, the LOD was found to be 10 fM (LOD = 3σ/sensitivity, where 

σ depicts the standard deviation of the intercept). Moreover, the sensitivity of sensor was 

found to be 65.03 Ω pM-1 cm-2 which was estimated by employing the calibration plot 

between slope and the effective surface area of developed CuS/Ti3C2Tx/ITO@MIP sensor. 

5.3.6 Selectivity, Reproducibility and Stability Studies 

To assess the selectivity of the proposed MIP sensor, the EIS responses of 

CuS/Ti3C2Tx/ITO@MIP electrode to other potential interfering analytes such as 

ciprofloxacin (CIP), norfloxacin (NOR), omeprazole (OME), azithromycin (AZY), 

ampicillin (AMP), glucose (GLU), ascorbic acid (AA) and nitrate salt (NO3
2-) that might 

affect the electrochemical response of LEV were investigated. As shown in Fig. 5.8(A), the 

Δ Rct for LEV (1 pM) is much higher than other interfering species (100 pM) suggesting 

the excellent selectivity of CuS/Ti3C2Tx/ITO@MIP sensor. These results demonstrated that 

the imprinted cavities resemble the shape, size and functionalities of LEV molecules. To 

investigate the reproducibility of the CuS/Ti3C2Tx/ITO@MIP sensor, 5 different electrodes 

were prepared under the same protocols (Fig. 5.8B). The RSD was calculated to be 1.93% 

indicating the good reproducibility of the fabricated sensor for the detection of LEV. 

Finally, the stability of the fabricated sensor has been examined by storing the 

systematically prepared MIP-modified electrodes in a refrigerator at 4°C for six weeks (Fig. 

5.8C). The signal response was measured every week in the presence of LEV, and it was 

found that the signal retained 88.2% of its initial value, confirming the satisfactory stability 

of the sensor. 
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 Fig. 5.8 (A) Selectivity study of CuS/Ti3C2Tx/ITO@MIP sensor towards LEV and other    

interfering species (B) Reproducibility study of CuS/Ti3C2Tx/ITO@MIP sensor towards 

LEV using five different electrodes and (C) Stability of CuS/Ti3C2Tx/ITO@MIP sensor 

over a period of 6 weeks 

5.3.7 Real Sample Analysis 

The practical applicability of CuS/Ti3C2Tx/ITO@MIP sensor for quantifying LEV in two 

real sample matrices like milk and river water was evaluated by employing the standard 

addition method. Before analysis, the samples were diluted 20-fold with 0.1 M PBS (pH 7) 

and then subjected to varying concentrations of LEV (0.1, 1 and 10 pM). As given in Table 

5.1, the recovery rates for the spiked milk sample ranged from 93.1 to 96.4% with RSD% 

of 2.59-5.03% and for the spiked river water, the recovery rates ranged from 92.8 to 98.5% 

with RSD% of 1.04-5.28%. These results demonstrate the sensor’s reliability and accuracy 

in analysing LEV residues in environmental and food samples. 

 



Chapter-05: CuS Embedded Ti3C2Tx-based … 

 
98 

 

Table 5.1: Data of LEV in spiked real samples using CuS/Ti3C2Tx/ITO@MIP electrode 

 

5.4 Conclusion 

In the present work, a novel CuS/Ti3C2Tx modified MIP electrochemical sensing interface 

was fabricated for LEV detection. The hydrothermally synthesized composite 

synergistically enhances the electrical conductivity and electrochemical activity while 

providing stable molecular recognition sites. The fabricated sensor demonstrated good 

analytical performance for the determination of LEV with a wide range of 0.01-1000 pM 

and LOD of 10 fM. Additionally, this proposed sensor offers an excellent anti-interference 

capability, reproducibility and stability in the presence of LEV. Furthermore, the practical 

validation of the constructed sensor towards spiked real samples shows a good recovery 

range from 92.8 to 98.5% confirming its reliability for the trace detection of LEV in 

complex real matrices. 

 

 

    

     Sample 

   

     Added (pM) 

CuS/Ti3C2Tx/ITO@MIP 

    Found (pM)      Recovery (%)    RSD (%) 

     

       Milk 

0 0 - - 

0.1 0.093 93.5 4.71 

1 0.93 93.1 5.03 

10 9.64 96.4 2.59 

 

  River water 

0 0 - - 

0.1 0.092 92.8 5.28 

1 0.94 94.5 3.94 

10 9.85 98.5 1.04 
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Ag/TiO2-Ti3C2Tx Modified Molecularly Imprinted 

Electrochemical Sensor for Levofloxacin Detection 

6.1 Introduction 

In this chapter, a novel ternary composite composed of Ag/TiO2-Ti3C2Tx was successfully 

synthesized for the fabrication of highly sensitive MIP-based electrochemical sensor for 

LEV detection. The synergistic interactions between the components imparted an excellent 

electrical conductivity and good electrocatalytic activity thus enhancing its electrochemical 

response towards LEV oxidation [1, 2]. Moreover, the experimental results demonstrate 

that the fabricated MIP sensor achieved an outstanding LOD of 0.1 fM and a wide linear 

range of 0.1 fM-1000 nM for LEV. All the characterizations and electrochemical response 

studies have been analyzed and reported in the following sections. 

Fig. 6.1 Scheme depicting the fabrication of Ag/TiO2-Ti3C2Tx modified MIP 

electrochemical sensor

CHAPTER‒ 6 
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6.2 Experimental Details 

6.2.1 Synthesis of TiO2-Ti3C2Tx and Ag/TiO2-Ti3C2Tx 

TiO2-Ti3C2Tx composite synthesis method has already been reported in chapter 4. To prepare 

Ag/TiO2-Ti3C2Tx composite, 50 mg of the prepared TiO2-Ti3C2Tx was dissolved in deionised 

water (20 mL) and stirred for 1 h to form a homogeneous solution. Afterwards, 2.5 mg/mL 

of AgNO3 solution was dropwise supplemented to the above solution under constant stirring 

for 3 h [3]. After centrifuging and washing the resulting precipitate several times with DI 

water and an ethanol mixture to remove impurities, it was vacuum-dried at 60°C.  

6.2.2 Electrophoretic Deposition of Ag/TiO2-Ti3C2Tx Composite 

The EPD technique was employed for the deposition of synthesised composite (Ag/TiO2-

Ti3C2Tx) onto the pre-hydrolysed ITO-coated conducting glass substrate. Prior to the 

deposition, a colloidal solution was prepared containing 1 mg of Ag/TiO2-Ti3C2Tx in 20 mL 

of DI water by an ultrasonification process.  A smooth and thin layer of Ag/TiO2-Ti3C2Tx 

was deposited on ITO surface following 10 sec of exposure to an optimum DC potential of 

10 V using a two-electrode setup with a reference electrode (platinum wire) and the 

working electrode (ITO). 

6.2.3 Preparation of Ag/TiO2-Ti3C2Tx/ITO@MIP Sensor 

 To prepare the MIP on Ag/TiO2-Ti3C2Tx/ITO, the modified electrode (Ag/TiO2-Ti3C2Tx/ 

ITO) was first immersed in a 0.1 M phosphate buffer (pH 7) which contains 12.0 mM 

pyrrole (functional monomer) and 2.0 mM LEV (template molecules). Then, CV 

electropolymerization was conducted at a potential window between -0.6 to 1.6 V with ten 

scan cycles at 75 mV/s of scan rate. After that, to extract the template molecules from the 

embedded MIP film, the electrode was submerged in the mixture of NaOH/ethanol (0.2 M; 

1:1 v/v) for 10 min under mild stirring conditions followed by washing with DI water to 
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remove the absorbed LEV molecules from electrode surface. For comparison, a non-

imprinted electrode (Ag/TiO2-Ti3C2Tx/ITO@NIP) was also fabricated under the same 

conditions without the addition of LEV molecules to serve as a control. 

6.3 Results and Discussion 

6.3.1 Structural and Morphological Studies 

XRD analysis was performed to investigate the crystalline structure of Ti3AlC2 (black 

curve), Ti3C2Tx (red curve), TiO2-Ti3C2Tx (blue curve) and Ag/TiO2-Ti3C2Tx (green curve) 

and displayed in Fig. 6.2A. By comparing the XRD patterns of Ti3AlC2 and Ti3C2Tx, it is 

found that the peak of Ti3AlC2 at 2θ = 9.52° has been moved towards a lower angle of 2θ = 

6.38° suggesting an increase in the interplanar spacing from 9.28 to 13.85 Å. Moreover, 

disappearance of Ti3AlC2 peak at 2θ = 38.9° in Ti3C2Tx spectra indicates the successful 

etching of Al layer and formation of multilayered MXene. In case of TiO2-Ti3C2Tx 

composite, XRD peaks at 2θ = 25.2°, 37.7°, 47.8°, 53.8°, 54.8°, 62.6°, 68.8°, 70.2° and 74.9° 

represents the anatase phase of TiO2 [4]. Additionally, a characteristic peak of Ti3C2Tx shifts 

from 6.38° to 5.90° indicating the enlarged interlayer spacing of 14.96 Å. Furthermore, the 

deposition of Ag particles on TiO2-Ti3C2Tx composite resulting in the modification of XRD 

spectra. The diffraction peak of TiO2-Ti3C2Tx composite was augmented by additional 

peaks at 2θ = 38.0°, 44.3°, 64.5° and 77.2° that correspond to the metallic Ag [5]. The 

integration of Ag within the TiO2-Ti3C2Tx matrix further results in a shift of Ti3C2Tx peak 

from 5.90° to 5.80° which in turn leads to a large interlayer spacing of 15.23 Å. These 

findings confirm the successful synthesis of the ternary Ag/TiO2-Ti3C2Tx composite. 

The bond analysis of the prepared Ti3C2Tx (black curve) and Ag/TiO2-Ti3C2Tx (green curve) 

was conducted through the utilization of FTIR technique in a range of 500-4000 cm-1 (Fig. 

6.2B). FTIR spectra of Ti3C2Tx display the stretching vibrations of C‒H bonds at 2922 and 

2846 cm-1. The peaks observed at 1624 and 1381 cm-1 are attribute to stretching vibrations of 
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C=O and O‒H bonds, respectively [6]. Additionally, the observed peaks at 614 and 471 cm-

1 correspond to the stretching vibrations of Ti-O and Ti-C bonds, respectively. In Ag/TiO2-

Ti3C2Tx spectra, the integration of Ag particles results in a decrease in the intensity of Ti-O 

and Ti-C peaks. 

Fig. 6.2 (A) XRD spectra of Ti3AlC2 (black curve), Ti3C2Tx (red curve), TiO2-Ti3C2Tx (blue 

curve) and Ag/TiO2-Ti3C2Tx (green curve) (B) FTIR spectra of Ti3C2Tx (black curve) and 

Ag/TiO2-Ti3C2Tx (green curve) 

The vital information regarding the surface morphology of the synthesized materials and 

electrodes is provided by field-emission scanning electron microscopy (FESEM) as 

illustrated in Fig. 6.3. Fig. 6.3A displays the FESEM image of Ti3C2Tx after the etching 

process which exhibits an accordion-like morphology. The FESEM image of TiO2-Ti3C2Tx 

(Fig. 6.3B) reveals the even distribution of 2D TiO2 sheets on the Ti3C2Tx substrate. For 

Ag/TiO2-Ti3C2Tx (Fig. 6.3C), it can be observed that Ag particles are uniformly loaded on 

the TiO2-Ti3C2Tx surface obtained via a self-reduction process [7]. Prior to the template 

elution, Ag/TiO2-Ti3C2Tx/ITO@MIP exhibited a smooth and homogeneous surface 

morphology as shown in Fig. 6.3D. When the MIP film structure collapses after the elution 

process, the Ag/TiO2-Ti3C2Tx/ITO@MIP electrode’s surface becomes rougher and more 
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porous (Fig. 6.3E). By EDX analysis, the presence of Ti, C, O, F and Ag confirms the 

successful synthesis of Ag/TiO2-Ti3C2Tx composite (Fig. 6.3F). 

Fig. 6.3   FESEM images of (A) Ti3C2Tx (B) TiO2-Ti3C2Tx (C) Ag/TiO2-Ti3C2Tx (D) 

Ag/TiO2-Ti3C2Tx/ITO@MIP before template elution (E) Ag/TiO2-Ti3C2Tx/ITO@MIP after 

template elution and (F) EDX spectra of Ag/TiO2-Ti3C2Tx 

6.3.2 Electrochemical Characterization 

Firstly, CV and EIS studies were employed to examine the electrochemical behaviour and 

charge transfer parameters of each modified electrode in a mixture of PBS (0.1 M) 

containing 5mM [Fe(CN)6]
3-/4- as a redox probe. In Fig. 6.4A, a comparison with bare ITO 

(curve a), Ti3C2Tx/ITO (curve b), TiO2-Ti3C2Tx/ITO (curve c), the Ag/TiO2-Ti3C2Tx 

modified ITO exhibits a high redox peak current (curve d) owing to high electrical 

conductivity and redox activity of Ag which on which when combined with TiO2-Ti3C2Tx 

provides the robust synergistic effect between the materials which improves the electron 

kinetics of the electrode. Fig. 6.4B displays the CV curves of different polymerised 

electrodes. The electropolymerization of Ppy-LEV film on the surface of Ag/TiO2-
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Ti3C2Tx/ITO (curve a) results in the disappearance of redox peak current due to the non-

conductive nature of MIP film that impedes the electron transfer process across the 

electrode-electrolyte interface. After template removal, the redox peak current of Ag/TiO2-

Ti3C2Tx/ITO@MIP electrode significantly increases (curve b), as the formed cavities 

within the MIP matrix enhance the electron transport efficiency across the electrode-

electrolyte interface. Meanwhile, after rebinding of LEV molecules, the redox peak current 

of Ag/TiO2-Ti3C2Tx/ITO@MIP electrode decreases (curve c) which suggests that the LEV 

molecules successfully recaptured inside the imprinted cavities and obstruct the charge 

transfer. Moreover, Ag/TiO2-Ti3C2Tx/ITO@NIP electrode after elution was monitored and 

a CV curve (curve d) shows no significant change in the redox peak current due to 

insufficient formation of imprinted cavities. 

The charge resistance behaviour (Rct) of each modified electrode was evaluated using EIS 

in 0.01-105 Hz frequency range with a set potential of 0.01 V. The Nyquist plot consists of 

a semicircle corresponding to electron transfer-limited process with higher frequencies and 

a linear line corresponding to a diffusion-controlled process with lower frequencies, 

respectively. Fig. 6.4C displays the EIS spectra of bare ITO (curve a), Ti3C2Tx/ITO (curve 

b), TiO2-Ti3C2Tx/ITO (curve c) and Ag/TiO2-Ti3C2Tx/ITO (curve d) with Rct values of 67.1, 

57.0, 46.1 and 38.0 Ω, respectively. The results show that the Ag/TiO2-Ti3C2Tx-modified 

ITO exhibits low charge transfer resistance which indicates that the synergistic effect of the 

composite has improved the electron kinetics. Furthermore, the EIS spectra of all the 

fabricated electrodes are shown in Fig. 6.4D. After modifying Ag/TiO2-Ti3C2Tx/ITO with 

Ppy-LEV MIP layer, the Rct significantly increases to 1.66 kΩ (curve a) as the electrode 

surface is coated with a non-conductive polymeric film hindering the electron transfer 

process. After the removal of LEV molecules, the Rct dropped to 156 Ω (curve b) as the 

exposed imprinted cavities provide a channel for electron transfer between the electrode 
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and electrolyte interface. After incubation in LEV solution, the Rct further increases to 223 

Ω (curve c) due to the blockage of imprinted sites which hinders the electronic transmission. 

Meanwhile, after elution, the Ag/TiO2-Ti3C2Tx/ITO@NIP electrode exhibits an Rct of 1.01 

kΩ, indicating the absence of imprinted cavity formation. These findings are consistent 

with the earlier CV analysis. 

Fig. 6.4 (A) CV plots and (C) EIS curves of (a) ITO (b) Ti3C2Tx/ITO (c) TiO2-Ti3C2Tx/ITO 

and (d) Ag/TiO2-Ti3C2Tx/ITO (B) CV plots and (D) EIS curves of (a) Ag/TiO2-

Ti3C2Tx/ITO@MIP before elution (b) Ag/TiO2-Ti3C2Tx/ITO@MIP  after elution (c) 

Ag/TiO2-Ti3C2Tx/ITO@MIP after rebinding and (d) Ag/TiO2-Ti3C2Tx/ITO@NIP  after 

elution 

The scan rate investigations (10 to 300 mV/s) for Ag/TiO2-Ti3C2Tx/ITO@MIP electrode 

have been carried out by using the CV method (Fig. 6.5A). A linear correlation has been 

observed between peak potentials (Epa and Epc) and log of the scan rate (v) (Fig. 6.5B) for 

the fabricated electrode as described by the Eqs. 6.1 and 6.2. 



Chapter-06: Ag/TiO2-Ti3C2Tx Modified  … 

107 

Epa [Ag/TiO2-Ti3C2Tx/ITO@MIP] = 0.222 (V) + 0.064 (V) * log [v (mV/s)]; R2 = 0.979       (6.1) 

Epc [Ag/TiO2-Ti3C2Tx/ITO@MIP] = 0.245 (V) ‒ 0.067 (V) * log [v (mV/s)]; R2 = 0.980       (6.2) 

On the basis of Laviron’s equation (Eqs. 2.3 to 2.5) and slopes of the aforementioned 

equations, the values of α and Ks are found to be 0.92 and 0.105 s-1 for Ag/TiO2-

Ti3C2Tx/ITO@MIP electrode, respectively. 

Fig. 6.5 (A) CV curves of scan rate studies (10-300 mV/s) (B) linear curves of redox peak 

potential with log of scan rate and (C) linear curves of peak current vs. square root of scan 

rate for Ag/TiO2-Ti3C2Tx/ITO@MIP electrode     

Furthermore, Fig. 6.5C illustrates a linear relationship between the peak currents (anodic 

and cathodic) and square root of the corresponding scan rate for developed electrode. It 

makes evident that the transfer of electrons across these sensing platforms is a surface-

controlled process and it obeys the Eqs. 6.3 and 6.4 

Ipa [Ag/TiO2-Ti3C2Tx/ITO@MIP] = 240.9 (μA) + 57.6 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 = 0.985   (6.3) 
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Ipc [Ag/TiO2-Ti3C2Tx/ITO@MIP] = ‒238.1 (μA) ‒ 47.7 (μA) (mV/s) * (mV/s)1/2 v1/2; R2 =0.992   (6.4) 

Based on the above equations including Randles-Sevick equation (Eqs. 2.6 and 2.7), the 

electrochemical kinetic parameters, i.e., diffusion coefficient (D), electroactive surface area 

(A) and average surface area (τ) for Ag/TiO2-Ti3C2Tx/ITO@MIP electrode were calculated 

to be 20.57×10-6 cm2/s, 0.40 cm2 and 2.68×10-8 mol/cm2, respectively. 

6.3.3 Optimization of Experimental Parameters 

The formation of a polymeric film on electrode surface depends on numerous factors such 

as the pH of electrolytic solution, the template-to-monomer ratio, number of 

electropolymerization cycles, effect of scan rate, elution time and incubation time. To 

achieve the best MIP sensor performance, these key factors were optimized by using the 

DPV method. 

Firstly, the electrolyte’s pH might affect the structural stability and molecular recognition 

imprinted film of the sensor. Therefore, the pH of electrolyte was optimized within the 

range of 5.0 to 9.0. The response peak current increases with a rise in pH from 5.0 to 7.0 as 

shown in Fig. 6.6A attaining a maximum current signal at pH 7.0 and then declines 

gradually with further increase in pH. This phenomenon can be attributed to the acidic or 

alkaline conditions which can adversely affect the structural integrity of MIP film and thus 

lowers the sensor’s sensitivity. Hence, the pH 7.0 was selected as an optimal pH for 

preparing the MIP film. 

Secondly, the ratio of template to functional monomers was precisely controlled which in 

turn affects the generation of imprinted cavities within the polymer matrix thereby 

influencing both the selectivity and sensitivity of MIP electrochemical sensor. Therefore, 

an optimization of molar ratio was conducted by varying the functional monomer (Py) 

concentration while keeping the template (LEV) concentration constant. As shown in Fig. 
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6.6B, the maximum peak current was obtained at a molar ratio of 1:6. Beyond this optimal 

point, the peak current significantly decreases with further increase in pyrrole 

concentration. This behaviour can be attributed to the limited availability of functional 

monomer which leads to fewer recognition sites. In contrast, an excessive monomer 

concentration leads to self-polymerisation thereby restricting template-monomer 

interactions and hindering the electron transfer process. Therefore, 1:6 was chosen as the 

optimum ratio for subsequent experiments. 

Thirdly, electropolymerization scan cycles significantly influence the MIP film’s thickness 

which in turn has a critical impact on sensor efficacy. Fig. 6.6C reveals that the maximum 

peak current was achieved at 10 scan cycles. The fewer scan cycles result in a thinner MIP 

membrane causing fewer imprinted cavities while a greater scan cycle promotes the 

thickness of MIP film leading to the incomplete removal of template molecules. Therefore, 

10 scan cycles were determined to be the optimal conditions for MIP film growth and 

template accessibility. 

The density of MIP film is influenced by the scan rate during the electropolymerization 

process. As depicted in Fig. 6.6D, the effect of scan rates ranging from 25 to 125 mV/s was 

analysed. DPV analysis reveals that the maximum current response was observed at a scan 

rate of 75 mV/s. Because, a lower scan rate creates a denser film that prevents template 

elution and reduces the number of recognition binding sites. However, a fast scan rate 

results in the formation of loose film with inadequate recognition cavities and poor stability. 

Hence, a scan rate of 75 mV/s was selected as an optimal condition. 

Elution time and incubation time are the crucial steps for the fabrication of an efficient MIP 

sensor. As shown in Fig. 6.6E, the maximum current response was obtained at 10 min of 

elution time indicating the complete extraction of template molecules from the Ppy film 

and then declined further with elapsed time. This is because of the excessive prolonged 
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elution time can damage the polymer film structure. Thus, the ideal elution time for efficient 

template removal was determined to be 10 min. Furthermore, the incubation time has a 

direct impact on the extent of analyte binding into the MIP recognition cavities. Fig. 6.6F 

demonstrates that the peak response declines with an increase in incubation time from 5 to 

25 min and the current stabilizes beyond 15 min of incubation. Therefore, 15 min was 

chosen as an optimized incubation time for further studies. 

Fig. 6.6 Optimization experimental conditions for (A) impact of pH of the electropolymerization 

solution (B) concentration of LEV: Pyrrole (C) electropolymerization scan cycles (D) scan rate 

(E) elution time and (F) incubation time 

6.3.4 Analytical Performance of the Fabricated MIP Sensor for LEV 

Detection 

Under the optimized experimental conditions, the DPV method was used to analyze the 

electrochemical behaviour of Ag/TiO2-Ti3C2Tx/ITO@MIP sensor toward varying LEV 

concentrations (0.1 fM to 1000 nM). As depicted in Fig. 6.7A, the peak current declines 

consistently with increasing LEV concentration attributes to the occupation of imprinted 
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cavities by LEV molecules which hinders electron transfer at the electrode surface. A linear 

relation was noticed between the log of LEV concentration and the change in current 

response (Fig. 6.7B) with a linear regression equation: I = 15.17 μA fM-1 × log CLEV + 29.21 

μA; R2 = 0.989.  

Fig. 6.7 (A) DPV method showing the electrochemical response of Ag/TiO2-

Ti3C2Tx/ITO@MIP electrode against varying concentration of LEV (0.1 fM to 1000 nM) 

and (B) Linear curve between ΔI and the logarithm of different LEV concentrations 

By employing the calibration plot slope and the effective surface area of the developed 

Ag/TiO2-Ti3C2Tx/ITO@MIP sensor, the sensitivity was calculated to be 43.34 μA fM-1 cm-2. 

Subsequently, the low detection limit (LOD) has been calculated by using the formula 

3σ/sensitivity (σ is the standard deviation of intercept). The LOD is found to be 0.1 fM. 

6.3.5 Selectivity, Reproducibility, Repeatability and Stability Analysis 

The specific recognition ability of Ag/TiO2-Ti3C2Tx/ITO@MIP sensor was evaluated with 

other interfering species that might affect the electrochemical response of LEV. Various 

interfering substances including ciprofloxacin (CIP), norfloxacin (NOR), omeprazole 

(OME), azithromycin (AZY), ampicillin (AMP), glucose (GLU), NaCl and Na2CO3 at 

concentrations of 1 pM, were added with the coexistence of 100 pM LEV and DPV 
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measurements were carried out. As depicted in Fig. 6.8A, a 100-fold high concentration of 

these substances did not interfere with LEV detection. These findings demonstrate an 

excellent selectivity of proposed MIP sensor that is attributed to the imprinted cavities 

within a polymer matrix which precisely resemble the shape, size and functional groups of 

LEV molecules. The reproducibility of the developed sensor was examined by testing the 

ability of five different electrodes prepared under the same protocols to detect 1 pM of LEV 

using DPV (Fig. 6.8B). 

Fig. 6.8 (A) Selectivity study of Ag/TiO2-Ti3C2Tx/ITO@MIP sensor towards LEV and 

other    interfering species (B) Reproducibility study of Ag/TiO2-Ti3C2Tx/ITO@MIP sensor 

towards LEV using five different electrodes (C) Repeatability of Ag/TiO2-

Ti3C2Tx/ITO@MIP sensor for ten successive determinations of LEV on same electrode and 

(D) Stability of Ag/TiO2-Ti3C2Tx/ITO@MIP sensor over a period of 7 weeks 

The calculated relative standard deviation (RSD%) is found to be 1.94% indicating the 

good reproducibility of sensor for LEV sensing. To assess the repeatability of proposed 

sensor, ten successive measurements were performed on the same Ag/TiO2-
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Ti3C2Tx/ITO@MIP electrode in the presence of 1 pM LEV via DPV. As illustrated in Fig. 

6.8C, the calculated RSD% is 1.48% verifying its good repeatability. Moreover, a long-

term stability of fabricated sensor was checked over a period of 7 weeks (Fig. 6.8D). The DPV 

response of as-prepared MIP sensor for LEV was measured weekly and the results reveal that 

the sensor retained 87.6% of its original signal response demonstrating an acceptable stability. 

6.3.6 Real Sample Analysis 

The potential feasibility of developed Ag/TiO2-Ti3C2Tx/ITO@MIP sensor for detecting LEV 

in milk, river water and soil samples was assessed by a standard addition method. Before 

measurements, the real samples were diluted 20 times with 0.1 M PBS (pH 7) and then these 

samples were spiked with the standard concentrations of LEV (0.1, 10 and 1000 fM) to check 

the sensor’s performance in complex matrices. 

Table 6.1: Data of LEV in spiked real samples using Ag/TiO2-Ti3C2Tx/ITO@MIP electrode 

   Sample Added (fM) 

Ag/TiO2-Ti3C2Tx/ITO@MIP 

   Found (fM)       Recovery (%)          RSD (%) 

     Milk 

0 0 - - 

0.1 0.105 92.6 3.62 

10 9.34 93.4 4.77 

1000 998 99.8 0.12 

     River 

     water 

0 0 - - 

0.1 0.094 94.7 3.83 

10 9.44 94.4 4.01 

1000 964 96.4 2.52 

      Soil 

0 0 - - 

0.1 0.097 97.8 1.56 

10 9.91 99.1 0.61 

1000 945 94.5 3.97 
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As shown in Table 6.1, the recovery rates for the proposed MIP sensor of LEV in spiked real 

samples ranged from 93.4 to 105.2% with RSD% < 5%. These results validate the sensor’s 

accuracy and applicability for monitoring LEV in diverse real samples. 

6.4 Conclusion 

A novel and ultrasensitive Ag/TiO2-Ti3C2Tx decorated MIP electrochemical sensing 

platform was developed for the detection of LEV. The Ag/TiO2-Ti3C2Tx composite exhibits 

a favourable synergistic action for LEV detection owing to its high electrical conductivity, 

good electrocatalytic activity, large surface area and abundant binding sites for LEV 

adsorption. Ti3C2Tx’s high conductivity, TiO2’s rich surface chemistry, and Ag’s high 

catalytic activity provide a strong synergistic effect, thereby improving the overall 

sensitivity of the developed sensor. Under optimized conditions, the sensor shows an 

extremely low detection limit (0.1 fM) and a wide linear range (0.1 fM-1000 nM). 

Performance evaluation of the fabricated Ag/TiO2-Ti3C2Tx/ITO@MIP sensor shows robust 

anti-interference ability, excellent reproducibility, good repeatability and long-term 

stability. Additionally, the practical applicability of the sensor was assessed by using three 

spiked real samples. The recovery rate is found to be in the range of 93.4 to 105.2% 

demonstrating the sensor's excellent potential for real-world applications. 
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Conclusion, Future Scope and Social Impact 

7.1 Conclusion 

This chapter presents the general findings of the research outcomes and discusses the 

potential implications for advancing current technologies towards smart applications. The 

work focuses on the fabrication of an efficient electrochemical sensing platform using 

Ti3C2Tx and its composites (TiO2, CuS, and Ag particles) using the MIP approach for the 

quantitative detection of an antibiotic (Levofloxacin). The synthesis, characterization and 

electrochemical properties of Ti3C2Tx and its composites as well as their potential 

applications in sensing have been discussed. To enhance the sensing performance, efforts 

have been made to adopt eco-friendly and economical approaches for synthesizing various 

composite materials. The fabrication of an electrochemical sensor involves the process of 

electrophoretic deposition of synthesized materials onto the ITO glass surface followed by 

the growth of MIP films on the substrate via electropolymerization technique. The fabricated 

MIP sensors exhibit high selectivity and sensitivity. 

Firstly, a Ti3C2Tx/ITO@MIP-based efficient electrochemical sensing platform has been 

developed for the detection of antibiotic. The 2D layered structure of hydrothermally 

synthesised Ti3C2Tx exhibits superior electrical conductivity and a high surface area 

providing abundant binding sites for precise LEV adsorption. Under optimized experimental 

conditions, the fabricated sensor exhibits a low detection limit (0.76 pM) with a wide 

dynamic linear range (1 pM-100 nM) along with high sensitivity (40.20 μA pM−1 cm-2) for 

CHAPTER‒ 7 
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LEV detection. Furthermore, the sensor demonstrated a good recovery rate (93.6 to 104.5%) 

for detecting the LEV in spiked soil and tap water samples. 

To further enhance the electrochemical characteristics of Ti3C2Tx including surface area, 

stability and binding affinity towards LEV, TiO2 has been incorporated into the layers of 

Ti3C2Tx. The in-situ generated TiO2 on the Ti3C2Tx surface enhances the stability of the 

Ti3C2Tx by increasing the interlayer spacing thereby preventing aggregation and acting as a 

barrier to prevent oxidative deterioration of Ti3C2Tx internal structure. The electrochemical 

studies suggest better electron transfer ability and a high surface area for TiO2-Ti3C2Tx which 

further provides abundant imprinted cavities for the effective adsorption of LEV. The 

fabricated sensor under optimized analytical conditions shows a linear analytical response in 

linear range of 1 pM-100 nM, with a LOD of 0.41 pM. Moreover, the sensor is highly 

sensitive and selective towards LEV and shows acceptable stability and reproducibility. The 

developed sensor detected LEV in spiked biological and environmental samples with a good 

recovery rate. 

In the next chapter, a stable CuS/Ti3C2Tx modified MIP-based impedimetric sensor has been 

developed for LEV detection. The incorporation of CuS into Ti3C2Tx results in a larger 

surface area and more active sites which promote LEV adsorption and further enhance the 

electrochemical signal response by improving the electron transfer kinetics. Electrochemical 

investigations indicate that the MIP/CuS/Ti3C2Tx sensor exhibits linearity over a 

concentration range of 0.01 pM to 1000 nM, with a detection limit of 10 fM. Moreover, the 

sensor has been proven to be highly specific and stable and successfully tested for LEV 

measurements in spiked milk and river water samples. 

A novel electrochemical sensing platform has been developed using a ternary composite like 

Ag/TiO2-Ti3C2Tx for the detection of LEV. The remarkable analytical performance of sensor 

can be attributed to the excellent conducting and electrocatalytic properties of Ag/TiO2-
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Ti3C2Tx which provide suitable imprinted sites for LEV adsorption. As a result, the developed 

sensor exhibits linearity over a concentration range of 0.1 fM to 1000 nM, with an extremely 

low detection limit of 0.1 fM. The sensor was found to be highly specific, sensitive and stable. 

Furthermore, the sensor’s remarkable recovery rate (93.4-105.2%) for LEV detection in 

spiked milk, soil and river water samples validates the effectiveness of the fabricated 

electrode. 

7.2 Future Scope 

Although, the levofloxacin antibiotic has been effectively detected in real samples however 

further research can be conducted on multiplexed detection which allows for the 

simultaneous measurement of multiple antibiotics. Further, the choice of functional 

monomers which should be determined by the structure and possible interactions of the 

target molecule is a crucial step in the synthesis of MIPs. Optimizing monomer selection, 

enhancing characteristics such as hydrophilicity and reducing nonspecific binding sites can 

all be achieved with the aid of computational modelling techniques. Furthermore, the 

incorporation of advanced nanomaterials and surface modification of MXene can 

significantly enhance electron transfer, sensitivity and amplify signal response thereby 

enabling better antibiotic recognition. Future developments could focus on integrating 

MIP-based sensors with microfluidic devices to fabricate a lab-on-chip platform for on-site 

analysis. Real-time data access through remote monitoring and the Internet of Things (IoT) 

can also be explored. Additionally, MIP-modified flexible and environmentally friendly 

paper analytical devices can be explored for the development of cost-effective and eco-

friendly point-of-care devices for monitoring antibiotic residues in various complex 

matrices. 
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7.3 Social Impact 

❖ Remote monitoring with these electrochemical sensors in food sources and clinical 

samples protects human health by lowering the misuse of antibiotics and preventing 

bacterial resistance. 

❖ Use of these sensors in agricultural fields for monitoring antibiotic residues 

prevents pollution and protects the ecosystem. 

❖ Diagnostics employing portable and in-situ technologies can expand accessibility 

in resource-limited areas. 
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