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ABSTRACT 

Kappa casein is extremely important in tumor immunology and plays a crucial role in the 

early detection of breast cancer. In this research, functionalized iron oxide (Fe3O4) 

nanoparticles were used for selective recognition of kappa casein (kcn) a breast cancer 

biomarker. The Fe3O4 was synthesized by the co-precipitation method. The particles were 

then coated with a polyacrylamide film which was subsequently functionalized using boric 

acid. Kappa-casein was attached to the nanoparticles via the surface hydroxyl group 

introduced. The surface imprinting was carried out using aniline polymerization in the 

presence of the functionalized nanoparticles with kcn attachments. Characterization of the 

magnetic nanoparticles was done using Uv/Vis Spectroscopy, Fourier Transform Infrared 

spectroscopy (FT-IR), Atomic Force Microscope (AFM), and X-Ray Diffraction (XRD). The 

FT-IR spectra of Fe3O4 nanoparticles and the functionalized Fe3O4 nanoparticles showed the 

absorption bands at 558.64 cm-1 assigned to Fe-O stretching mode attributed to the typical 

stretching vibration of Fe-O in Fe3O4. The peak at 1660 cm-1 was due to the vibrations of 

C=O and N-H in acrylamide; hence polyacrylamide was loaded on Fe3O4 NPs.  Carboxylate 

groups in kcn were observed around 1650 cm−1 and 1100 cm-1.X-ray diffraction results 

indicated that the nanoparticles were highly crystalline materials with an average crystallite 

size of 78 nm. The Atomic Force Microscope was used for morphological characterization, 

which revealed that the nanoparticles prepared were spherical with an average size of 40.2 

nm, 88 nm, and 120 nm for Fe3O4 NPs, magnetic nanoparticles no-imprinted polymers 

(Fe3O4@PAM@BA/NIPs), and magnetic nanoparticles molecularly imprinted polymers 

(Fe3O4@PAM@BA/MIPs) respectively The high correlation coefficients of the 

functionalized iron oxide nanoparticles (Fe3O4@PAM@BA/MIPs) and 

(Fe3O4@PAM@BA/NIPs) were R2=0.99909 and 0.894426 respectively) which indicated that 

the experimental rebinding equilibrium data were well fitted to the Langmuir model. The 

maximum adsorption capacity ( mQ ) of Fe3O4@PAM@BA/MIPs (0.509 mg/g) was nearly 

2.94 times higher than 0.173 mg/g of Fe3O4@PAM@BA/NIPs. The method developed in 

detecting breast cancer was achieved with a low limit of 15 ng/mL, which is lower than other 

methods. However, there is a need to develop it into a real matrix. The present work 

demonstrated that functionalized iron oxide nanoparticles could be used to detect kappa-

casein as a breast cancer biomarker. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Breast cancer is one of the leading causes of death and most common cancer disease for 

women in the world.  Therefore, early detection of malignancy can help in the diagnosis of 

the disease for women and can strongly improve chances of survival [1].  Malignancy occurs 

as a result of the molecular alterations in a cell [1, 2].  Breast cancer emanates from breast 

epithelial cells modified by these changes of molecular alterations and manifest in different 

levels of differentiation, receptor expression, and metastatic potential [2]. 

The early detection of breast cancer is very cardinal as it helps the patients to seek medical 

attention.  The detection of breast cancer is done using Enzyme-Linked Immunosorbent 

Assay (ELISA) assays [3, 4].  The problem with ELISA is that it is linked to strict storage 

conditions, limited stability, and high cost.  The other method of breast cancer diagnosis is by 

clinical examination coupled with tissue examination involving imaging and biopsy. In 

biopsy, the sample collected is analyzed based on estrogen and progesterone receptors. This 

technique is informative and currently is the standard of choice in breast cancer detection. 

However, it is invasive, has risks to the patient, and is very expensive [3].  Besides that, 

mammography, magnetic resonance imaging (MRI), ultrasound, and nuclear medicine 

techniques are currently used to detect breast cancer but these techniques are also expensive 

and require expertise. These techniques also detect breast carcinoma at a time when the tumor 

has extended beyond the perimeter of the gland, making it incurable.  The early detection of 

breast cancer carries the maximum potential for therapeutic intervention [4]. 

A biomarker is a measurable indicator of some biological state or condition [4]. Biomarkers 

are often measured and evaluated using blood, urine, or soft tissues. Cancer biomarkers are 

glycoproteins that are isolated from serum and have been employed as biomarkers in clinical 

diagnostics [5]. The present use of these biomarkers is limited to the detection of advanced 

metastatic cancer and in the monitoring of patients with advanced disease [6]. For instance, 

over the past 20 years the Cancer Antigen 15-3 (CA 15-3) assay, which measures a mucin 

antigen expressed in late breast cancer, has been one of the most valuable tumor marker tests 

in the staging and monitoring of breast carcinoma [5]. More recently, the Cancer Antigen 

27.29 (CA 27.29) assay measures the same MUC-1 antigen detected by the CA 15- 3 assay. 
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The use of the CA 27.29 assay is particularly useful to monitor the effectiveness of therapy. 

However, as it measures the same antigen as the CA 15-3 assay, it is ineffective in the early 

detection of breast cancer [5]. 

Kappa-casein is a biomarker that is expressed in the serum of a patient with breast cancer and 

it is a marker an indicator of human malignancy [6]. There is no method so far that uses 

magnetic nanoparticles to detect kcn a breast cancer biomarker. Therefore, there is need to 

develop a method to detect this biomarker.  

Magnetic nanoparticles (MNP) are attractive candidates for biomarkers and are applicable in 

biosensing [7].  These nanoparticles such as iron oxide (Fe3O4) have received a great deal of 

attention as a result of their potential use in various biomedical applications, including 

contrast agents in magnetic resonance imaging (MRI), magnetic separation and sorting of 

cells and proteins, hyperthermia treatment for cancer tumors, controlled and targeted delivery 

of pharmaceuticals. Despite the named benefits, there are some basic challenges to make 

magnetite nanoparticles suitable for various potential applications. One of the problems is 

that the nanoparticles are highly prone to aggregation and oxidize easily. They also tend to 

lose their magnetism. To overcome these problems, the coating of magnetite nanoparticles 

surface with various materials has been suggested [7].  

Biomarkers can be imprinted on the surface of the modified magnetic nanoparticles. 

Molecularly imprinted polymers (MIPs) are artificial receptors which exhibit high 

absorbability and selectivity for target biomarkers because of having specific recognizable 

cavities in the polymers [8, 67]. MIPs are synthesized by bulk polymerization of monomers 

in the presence of templates. The bulk is reduced to nano-size through grinding, sieving, and 

sedimentation. However, the process is tedious, time-consuming and the particles obtained 

show irregular shapes and sizes limiting their applicability. Most interaction sites formed in 

the MIPs are destroyed during grinding thereby minimizing their loading and recognition. 

Polymerization strategies such as emulsion and precipitation polymerization are well-suited 

methods to obtain particles of defined shape and size with desired characteristics. Due to 

better control of particle sizes and morphologies, emulsion polymerization has gained 

attention.  Besides, the nano-MIPs obtained offer properties such as increased selectivity and 

sensitivity due to the high surface area of the particles [8]. 
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1.2 Statement of the problem 

Early breast cancer detection remains a challenge and comes at a high cost for governments, 

health institutions, and patients. Several methods, including mammography, magnetic 

resonance imaging (MRI), ultrasound, and nuclear medicine, are used to detect breast cancer. 

These generally require a high degree of expertise. They are also associated with expensive 

equipment and running costs. Furthermore, these methods usually detect breast carcinoma at 

a time when the tumor has extended beyond the initial stage. Therefore, there is an urgent 

need to develop a low-cost biosensor with high selectivity, requiring little expertise for the 

early detection of breast cancer.  

1.3 Significance of the study 

The detection of breast cancer using kappa-casein as a biomarker is very limited due to the 

lack of affordable equipment and the detection of a breast cancer biomarker in particular, at 

an early stage is extremely important for clinical diagnosis and treatment. Besides, polymer-

based biosensors have the potential to offer low-cost, low-power portable sensing devices 

with rapid feedback and responses. This study will provide insight on early detection of 

breast cancer. 

1.4 Aim 

The aim of the study was to design and develop a recognition platform by molecularly 

imprinted functionalized magnetic nanoparticles for selective adsorption and detection of 

kappa-casein.  

1.5 Specific objectives 

a) To synthesize and characterize functionalized iron oxide (Fe3O4) nanoparticles. 

b) To synthesize molecularly imprinted polyaniline for selective recognition of kappa-

casein, a breast cancer biomarker. 

c) To evaluate the structural, optical, and morphological properties of the synthesized 

Fe3O4 NPs functionalized molecularly imprinted and non-imprinted polyaniline. 

d) To evaluate the binding characteristics of the imprinted and non-imprinted 

nanoparticles in terms of sensitivity, selectivity, and determine the detection limit. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

2.1 Introduction 

This chapter discusses an overview of biosensors, magnetic nanoparticles, boric acid cis-diol 

reaction, glycoprotein macromolecules, and surface molecular imprinting. The discussion 

also covers polyaniline and provides a summary of the application of conducting polymers, 

especially in biosensors. 

2.2 Biosensor 

Biosensors are analytical devices that include a combination of biological detecting elements 

like a sensor system and a transducer that can convert biological activity into measurable 

signals [9]. At present, biosensors are the most reliable and cost-effective tools available at 

present for the detection of biomarkers [10].  When the bio-molecular reactions occur on a 

suitable transducer, they bring about changes in the physical properties which are measurable 

such as optical or electrical signals. In a biosensor, the role of the transducer is to convert the 

bio-recognition event into a measurable signal. Most of the transducers produce either optical 

or electrical signals that are directly proportional to the amount of analyte–bioreceptor 

interactions[10, 11]. For the two important components of a biosensor to function optimally, 

they need to be brought together and integrated into one functional unit. A biosensor is based 

on integration which usually involves immobilization of the biological recognition element 

onto the transducer surface using strategies that ensure that they still maintain their innate 

biological activities [11]. The sensitivity and performance of the biosensor can be improved 

by the integration of the biomolecule by using site-specific immobilization techniques such as 

chemical adsorption. Compared with any other existing diagnostic devices, these biosensors 

respond well in terms of selectivity and sensitivity. 

The main features of these sensors are stability, low cost, sensitivity, and reproducibility of 

the results [12]. A typical biosensor setup is shown in Figure 2.1. 
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Figure 2.1: Schematic diagram of a biosensor 

2.3 Types of biosensors 

Biosensors are classified based on their biological recognition element or the transducer that 

they use. The most widely used biological recognition elements in biosensors include 

antibodies, bio-tissue, cellular organelles, enzymes, and whole cells [12]. The classification 

of some of the biosensors based on the transduction method together with a description of 

how they work is presented in the sections that follow. 

2.3.1 Optical biosensors 

Optical biosensors are devices that use optical measurement principle [13]. In optical 

biosensors, light is the signal measured. The light measured emanates from either scattering, 

reflection, absorption with intensity changes, or from chemiluminescence occurring at the 

sensor surface after a binding event. In biosensors, the inputted light experiences a change in 

amplitude, polarization, phase, or frequency as a result of physical or chemical changes 

induced by the binding event. Optical biosensors have a light source, a transmission medium, 

and a sensing layer with immobilized bio-molecular recognition components. These 

biosensors are designed to capture very small volumes or light areas that permit measurement 

at a high susceptibility, and to show the results, the light is transmitted to a higher 

electromagnetic field. This technique recognizes where and when the molecules dissociate or 

bind to the surface [12, 13].  
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2.3.2 Electrochemical biosensor 

Due to their low cost, portability, small size, and ease of use, electrochemical biosensors are 

the most commonly preferred [16]. There is a wide range of electrochemical transducers 

which are used in analytical chemistry for the detection of several analytes. These include 

potentiometric, impedimetric/conductivity, and amperometric devices[13]. Amperometric 

and potentiometric biosensors are the two most common electrochemical biosensors. 

Generally, an electrochemical biosensor is based on the reaction of enzymatic catalysis that 

consumes or generates electrons in presence of analyte and such types of enzymes are named 

redox enzymes. The substrate of this biosensor generally includes three electrodes such as a 

counter, reference, and working type. The object analyte is engaged in the response that 

happens on the surface of an active electrode, and this reaction may source also electron-

transfer across the dual-layer potential. The current can be calculated at a set potential [14]. 

 

Figure 2.2: Schematic diagram of electrochemical biosensor [14] 

2.3.3 Potentiometric biosensors 

A potentiometric biosensor can be defined as a device incorporating a biological sensing 

element connected to an electrochemical potential transducer. Potentiometric biosensors are 

developed by combining a bio recognition element such as an enzyme with a transducer that 

senses the variation in protons or ions amount, and then the analytical signal is the recorded 

logarithmically, which is correlated with the analyte concentration. They allow the detection 

of the analytes on stages [15, 52] (Figure  2.3). 
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Figure 2.3: Schematic representation of potentiometric biosensors [15] 

2.3.4 Calorimetric biosensors 

Calorimetric biosensors measure exothermic reactions and the temperature change is due to 

the heat produced during enzymatic reactions which are used in the measurement of the 

desired biomarkers. These biosensors have not been widely used in the recognition of cancer, 

nonetheless, there have been few useful characteristics of these biosensors for the detection of 

cancer [15]. The enthalpy reactions are also monitored in which the information required to 

measure the amount of the molecules is given. Successful detection of sarcoma by using 

calorimetric biosensors with gold nanoparticles-based aptamers has been done [16].  

2.3.5 Advantages of biosensors   

Biosensors exhibit widespread applications in numerous field which includes novel drug 

discovery, biomedicine, diagnosis, food safety and processing, environmental monitoring, 

security, and defense [16]. Biosensors have several advantages that make their use desirable 

over conventional methods as they can detect low amount of concentrations of analyte in 

samples. Biosensors for the recognition of breast cancer markers can be developed using 

label-free techniques. The label-free technique offers low cost and simplicity in its use. The 

label-free technique offers low cost and simplicity in its use. [12, 16]. 

2.3.6 Applications of biosensors in glycoprotein detection 

The recognition of glycoprotein by biosensors has been studied. Much attention has focused 

on the development of biosensors that are selective and sensitive to biomarkers that are 
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secreted from tissues as a result of diseases and disorders [17]. A lot of glycoproteins have 

been identified as tumor markers produced at higher levels in cancerous conditions. For 

example, kappa-casein and α-fetoprotein (AFP) are recognized as typical biomarkers for 

cancers [17, 18]. 

The glycoprotein biosensors can be divided into several categories depending on the type of 

recognition elements used. The selection of the binding sites for glycoproteins is done by the 

recognition elements which are immobilized on the surfaces of biosensors [18]. Figure 2.4 

shows the schematic diagrams of the glycoprotein biosensors.

 

 

Figure 2.4: Schematic diagrams showing glycoprotein biosensors based on (A) antibody; (B) lectin; 

(C) phenylboronic acid; and (D) molecular imprinted polymer [18] 

2.4 Breast cancer biomarkers 

There are various types of breast cancer biomarkers some of which are shown in Table 2.1. 

These biomarkers are expressed in the serum of breast cancer patients above the normal level 

when one has breast cancer. Therefore, biomarkers have been widely used serum markers in 

breast cancer diagnostics. 
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Table 2.1: Common breast cancer biomarkers 

Breast cancer biomarker Symbol Literature 

Cancer Antigen 27.29 CA 27.29 [19] 

Human Epidermal Growth Factor Receptor 2 HER2 [19] 

Carcinoembryonic Antigen CEA [19] 

kappa-casein Kcn [86] 

Cancer Antigen 15-3 CA 15-3       [19] 

RNA-protein interaction  RS/DJ-1       [23] 

 

The cancer antigen 15-3 (CA 15-3), cancer antigen 27.29 (CA 27.29), and kappa-casein are 

some of the common mucins MUC1 breast cancer biomarkers. Mucin 1 is a cell surface-

associated found in the apical membrane of the normal secretory epithelium and it can be 

localized throughout the external surface of the whole plasma membrane. Besides, changes in 

MUC1 glycosylation have been reported during carcinocytes transformation [20]. However, 

MUC1 is expressed in normal and neoplastic breast epithelial cells. The measurements of 

MUC1 in a clinical setting are only confined to soluble forms for example CA 15-3 is 

released from the cell surface by proteolytic cleavage and then it is monitored. The only 

problem with CA 15-3 is that it is not suitable for early detection but effective for recurrence 

breast cancer, as serum levels are rarely increased in patients with early or localized breast 

cancer [21].  

The CA 27-29, CA 15-3, carcinoembryonic antigen, and HER-2 are tumor markers that are 

often expressed in people with breast cancer. They play an important role in the diagnosis and 

monitoring response to therapy but they are applicable in monitoring and recurrence in 

patients with breast cancer and not early detection of breast cancer [19]. Kappa-casein was 

chosen as a biomarker as it can be used to detect breast cancer in early stages. 

William and co-workers [21, 22] have evaluated RNA-protein interaction (RS/DJ-1). In their 

study, they observed four patients with breast cancer using protein RS/DJ-1 as a serum 

biomarker in normal tissue. The protein marker RS/DJ-1in normal tissue is expressed in the 

epithelium, blood vessels, and nerves, and the levels of serum RS/DJ-1 are elevated in the 

sera of patients with newly diagnosed breast cancer. This biomarker is not specific as the 

increased serum RS/DJ-1 levels are not cancer-specific [23]. 
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2.5 Cis-diol containing compounds 

Cis-diol-containing biomolecules, such as nucleosides, saccharides, glycans, and 

glycoproteins, are very vital targets in current research frontiers which include metabolomics, 

glycomics, and proteomics. The cis-diol-containing biomolecules are importance in the 

diagnosis of cancer and these exist in abundance in biological systems [24]. Thus, selective 

enrichment is usually an important step for the analysis of cis-diol-containing biomolecules. 

As a unique means for the selective separation and enrichment of cis-diol-containing 

biomolecules, boronate affinity materials have gained increasing attention in the last decade 

[25]. The reaction of boric acid with cis-diols had been used to investigate the influence of 

various sugar alcohols and their anhydrides on the dissociation of boric acid [24, 25]. The 

mechanism of cis-diol and boric acid representation is illustrated in Figure 2.5.  

 

Figure 2.5: Mechanism of boric acid and a cis diol compound [25] 

2.6 Mechanism of boron-diol exchange 

The cis-diol containing compounds interact with boron acids such as boric, boronic, and 

borinic acids. These acids react with cis diols to form esters in which water is lost[26]. Boric 

and boronic acids behave in a Lewis acid fashion where they accept a hydroxyl group under 

alkaline conditions and assume a tetrahedral geometry as depicted in Figure2.6 for boric acid. 

 

Figure 2.6: Formation of  borate and a cis-diol adduct[26] 
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Unlike the trigonal planar geometry of boric acid in neutral or acidic conditions, the 

tetrahedral geometry in alkaline conditions enables coupling to 1, 2-α's-diols to form a 

borate/cis-diol adduct. By changing the acidity of the solution, adduct becomes reversible 

[24]. The same is also true for adducts formed with boronic and borinic acids. Since the 

borate and boronate adducts are ionic, the hydrophilicity of the complexed material is 

enhanced. Due to the ease by which the boronate complex is formed and the increased 

solubility of the complex, the process also provides a convenient method for assaying 

samples containing 1,2-diol and cyclic-peptides [26]. Figure 2.7 shows the possible esters 

formed from boric, boronic and borinic acids. 

 

Figure 2.7: The reactions of boron acids with ethylene glycol to form possible esters. 

2.7 Magnetic nanoparticles 

Magnetic nanoparticles have attracted much attention for their wide-ranging application in 

magnetic fluids, catalysis, biotechnology, and clinical diagnosis [27]. Fe3O4 nanoparticles 

have been recognized and widely used materials among various nanoparticles because of 

their strong superparamagnetic properties, low toxicity, good biocompatibility, and easy 

synthesis [28]. Iron oxide nanoparticles have been widely used to target breast cancer cells 

and hyperthermia. They can be conjugated with drugs, proteins, enzymes, antibodies or 
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nucleotides to deliver them to target organs, tissues or tumors using an external magnetic 

field.[29]. 

The nanoparticles are composed of magnetic elements, such as iron, nickel, cobalt, 

chromium, manganese, gadolinium, and their chemical compounds, as presented in Figure 

2.8. These nanoparticles offer great potential in a variety of applications in either their bare 

form or coated with a surface coating and functional groups depending on their specific uses 

[30], [31]. Ferrite nanoparticles especially are the most explored nanoparticles, which can be 

greatly increased by clustering several individual superparamagnetic nanoparticles to form 

magnetic beads [32], [33].  

 

Figure 2.8:  Magnetic nanoparticles with various shells [32] 

 

2.8 Polymerization of acrylamide 

The imprinted polymer network is formed through free radical polymerization because of its 

high tolerance for a wide range of functional monomers and its great adaptability to all kinds 

of reaction conditions [34]. Inspired by the method for polyacrylamide gel preparation in 

protein and glycoproteins electrophoresis, early development for the imprinting of proteins 

and glycoproteins were performed in polyacrylamide gels using ammonium persulfate (APS) 

accompanied by the catalyst tetramethyl ethylenediamine (TEMED). These days, this 

combination is still used widely for protein imprinting [35]. 
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Another class of soft polymer materials is a magnetic gel with its properties controlled by 

magnetic fields. A protocol was developed for the preparation of magnetite nanoparticles in a 

matrix of poly(acrylamide) gel [34, 35]. The synthesis of the magnetic Fe3O4 in a matrix of 

poly(acrylamide) gel was done via coprecipitation. When the magnetic particles have a size 

of order 10 nm the gel shows superparamagnetic properties [36]. 

2.9 Methods of bio-recognition element immobilization  

The bio-recognition elements can be integrated with the biosensor such as antibodies which 

can be immobilized onto the transducer surface [37]. The type of transducer to be used in the 

biosensor such as gold, silicon or polymers is a significant thought that needs to be made 

when choosing an immobilization process [38]. The immobilization techniques for chemical 

sensor application are composed of physical and chemical adsorptions. Biomolecules such as 

antibodies can be immobilized using both physical adsorptions as well as chemical adsorption 

[39]. The nucleic acids and enzymes require immobilization on functionalized polymers, 

whose surface has been treated with compounds that possess reactive functional groups, for 

instance, boric acid, acrylamide, avidin, streptavidin, and biotin. These immobilization 

methods are presented in the following sections [40]. 

2.9.1 Physical adsorption 

Physical adsorption is a kind of adsorption that attaches the target substance on a chip 

through interactions such as hydrogen bonding or van der Waals forces, electrostatic forces, 

and hydrophobic interactions [41]. It is the easiest technique available for biomolecule 

immobilization. Physical interactions between the biomolecule and the transducer surface 

usually does not need any pre-treatment of the sample with reagents [42]. Furthermore, 

physical adsorption does not alter the structure of the biomolecule and is therefore 

advantageous in this regard. The binding interactions that occur between the transducer and 

the biomolecule are weak and therefore needs a long period of incubation to yield sensor 

layers that are useful for application [43]. 

2.9.2 Chemical adsorption 

Chemical adsorption involves a chemical reaction between the surface and the adsorbate. The 

chemical adsorption of biomolecules involves the formation of chemical bonds between the 

surface and the biomolecule in question [41]. This adsorption of biomolecules relies mainly 
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on covalent bonding between the biomolecule and the transducer surface in which a stable 

sensor layer is formed.  The formation of stable sensor layer is due to the chemical 

modification that occurs between reactive functional groups present in both the biomolecules 

and on the transducer surface [43]. Some of these groups play an important role in the 

functionalization of nanoparticles such as alcohol (-OH), carboxylic acids (CO2H), esters 

(CO2R), and amines (NH2) [44]. 

For chemical adsorption to be effective, the functional groups targeted for immobilization 

should not be in the active site of the protein or glycoprotein. Immobilization via functional 

groups located in the active site leads to loss of biological activity that renders the biosensor 

ineffective in its intended application [45]. But proteins immobilization via sites that are near 

the active site of enzymes may be advantageous in certain cases because they lead to hyper-

activation of the enzyme and therefore better sensor performance. Conducting polymers have 

emerged as one of the most promising transducers for both chemical sensors, and biosensors 

because they have been employed to detect diverse analytes such as volatile organic 

compounds, toxic gases as well as biological species not only that but also they have the 

potential to exhibit improved response properties [47].  

2.10 Conducting polymers  

Conducting polymers(CPs) are organic compounds that have an extended pi-orbital system, 

through which electrons can move from one end of the polymer to the other [48, 50]. The 

most commonly used types of conducting polymers are polyaniline, polypyrrole, and 

polyacetylene, and derivatives thereof [49] as shown in Table 2.2. These polymers have been 

studied intensely because of their intrinsic conductivity [50]. Due to their unique 

electrochemical, electrical and optical properties conjugated polymers have been used to 

convert chemical information into electrical or optical signals, which can then easily be 

detected by biosensors or chemical sensors [50]. 

 Many approaches to the use of conducting polymers in biosensing applications have been 

extensively studied [48]. The use of conducting polymers in the application of biosensors and 

chemical sensors have been maximized due to the introduction of functional groups, such as 

amine, hydroxyl carboxylic acid, or thiol groups, into the conducting polymer chain. This 

enables the formation of what is known as “self-doped” or by doping with negatively charged 

polyelectrolytes. The functional conducting polymers have been successfully utilized to 

immobilize enzymes for the construction of biosensors [50]. 
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Table 2.2: Names and structures of some common conducting polymers [48, 51,52] 

 

Name of Conducting Polymer Structure 

Polyacetylene(PA) 

 

Polypyrrole (PPy) 

 

Polythiophene (PTh) 

 

Polyaniline (PANI) 

 

Poly (p-phenylene vinylene) 

 

Poly (p-phenylene)(PPP) 

 

 

Polyflourene (PF) 

 

 

2.11 Polyaniline 

Polyaniline is a conducting polymer that is easy to synthesize and widely utilized in many 

applications has gained a lot of interest for application in biosensors due to its favourable 

optical, and electrical properties [53]. The material is also biocompatible and can be used in 

sensor surfaces that have integrated biomolecules such as antibodies and artificial receptors. 

Polyaniline is prepared by adding acidic solution to aniline monomers and the reaction is 

initiated by adding ammonium persulphate [54]. 
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Thin films of polyaniline can be made in situ polymerization on suitable substrates such as 

glass or metal by either dip coating, or by spin coating. The film thickness depends on the 

spin rate and time for dipping. The optimal film thickness of polyaniline for biosensor 

applications is essential. Apart from good biocompatibility, polyaniline thin films also have 

good environmental properties coupled with excellent electrical and chemical stability [55].  

2.12 Synthesis of polyaniline 

The molecular structure of polyaniline consists of monomer units assembled from reduced (y) 

and oxidized (1 − y) units, where n represents the polymerization degree [56, 57]. Depending 

upon the oxidation state, polyaniline is found in one of the following forms: the first one is 

insulating leucoemeraldine form where the polyaniline is completely reduced and y = 1 

The second one is pernigraniline, the fully oxidized form of polyaniline (y = 0) consisting 

solely of imine linkage and finally emeraldine, n is the degree of polymerization and the 

“half-oxidized” form (y = 0.5), in its protonated form considered to be the most applicable 

form of polyaniline because of its high stability and the capacity to be easily converted to the 

salt structure by doping, the form with the highest electrical conductivity [57]. But on the 

other side, both leucoemeraldine and pernigraniline obtained by emeraldine’s reduction and 

oxidation, respectively as in Figure 2.9 show low electrical conductivity even in their doped 

form [58].  

 

Figure 2.9: Different oxidation states of polyaniline (y = 1: leucoemeraldine, y = 0.5: 

emeraldine   and y=0: pernigraniline [56] 
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Figure 2.10: Structures of different oxidation and reduction states of polyaniline [57] 

The three forms of polyaniline salt in Figure 2.10 are corresponding to the doped form of 

polyaniline, which can be obtained by the protonation of the polyaniline base [60]. 

Protonation and deprotonation cause important changes in both electrical conductivity and 

absorption properties leading to color changes of the polymer. Polyaniline possesses good 

electrochromic properties, having the capacity to reversibly change the conductivity, the 

color, and the oxidation potential depending upon the surrounding conditions [59]. 

The emeraldine(EB) green polyaniline is the leading form of polymer which exists after the 

completion of polymerization and is regarded as the most useful form of polyaniline because 

of its high stability at room temperature [58, 61]. 

2.13 Surface imprinting methods 

Surface imprinted polymers have been widely used for different types of analytes, including 

proteins micro-organisms, and cells [62]. The binding sites are formed at the surface of a 

substrate in surface imprinting which helps reduce the mass transfer resistance in 

macromolecule imprinting processes [63]. 

In recent years, surface imprinting has gained great attention as the process is very important 

in the imprinting of macromolecular especially in separation, sensor, and diagnostic 

applications. Some studies have shown that surface imprinted nanomaterials are effective in 
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the detection of large biomolecules as they are imprinted on the surface of the nanomaterials 

[63, 64]. 

Recently, Saylan et al. [62] offered a surface imprinted model to detect glycoproteins, as 

shown in Figure 2.11. Dopamine and m-aminophenyl boronic acid were placed on the sensor 

surface. They noted that after the template was removed, the imprinted cavities showed 

recognition ability with high affinity in basic medium with the dissociation constant of 6.6 × 

10–9 at pH 9.0 and 2.7 × 10–7 at pH 3.0 for horseradish peroxidase (HRP). 

 

 

Figure 2.11.A schematic illustration of the surface imprinting of glycoproteins [62] 

2.14 Molecular imprinting 

Molecular imprinting is a technique applied to create template-shaped cavities in polymer 

matrices with predetermined selectivity and high affinity [65]. Molecular imprinting 

technology (MIT), is usually described as a method of making molecular sites or cavities that 

are complimentary to a molecular key. The imprinting process is done where functional 

monomers and crosslinkers are copolymerized in the presence of a template molecule such 

biomarker [66]. Biomolecular recognition plays an important role in biological systems 

where the enzyme-substrate and antibody-antigen interactions are done which are based on 

the lock and key models [67]. The van der Waals interactions, hydrogen bonding, 

hydrophobic interactions, and electrostatic interactions are involved in the binding 

interactions [67].  

The antibodies usually are used as the recognition elements in biosensors as they have high 

sensitivity and selectivity toward the target compound and other biomolecules. However, 

antibodies display some disadvantages such as high cost and low stability under extreme 
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conditions for example at higher pH, temperature, and pressure [68]. The introduction of 

MIPs also called “artificial antibodies” can overcome these disadvantages of natural 

antibodies with strict storage conditions and high cost. Molecularly imprinted polymers are 

prepared by polymerization of a desired functional monomer and a cross-linker in the 

presence of a template as shown in Figure 2.12. Since MIPs are very selective toward the 

target compound, they are therefore commonly used as recognition elements in the 

fabrication of biosensors [67]. These artificial antibodies can bind target compounds in their 

three-dimension shape because of their specific binding groups [69, 70].  

 

 

Figure 2.12: Scheme of the principle of molecularly imprinted polymer preparation[67]  
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CHAPTER 3 

LITERATURE REVIEW 

3.1 Magnetic nanoparticles in the detection of biomarkers 

A lot of interest has been generated in magnetic nanoparticles and their potential applications 

in the detection of biomarkers. Biomarkers are of great importance in clinical diagnosis. 

Wignaraja and co-workers [71] used magnetic nanoparticles to detect biomarkers.  In their 

study, the multiplex hand-held colorimetric diagnostic biosensor, using two typical 

inflammatory salivary biomarkers, human neutrophil elastase (HNE) and Cathepsin-G, was 

constructed as proof of concept to potentially detect periodontitis. The biosensing method 

involved the measurement of proteolytic activity using specific proteases probes. These 

probes consisted of specific protease substrates that were covalently bonded to a magnetic 

bead.  

Xu and co-workers [72] proposed a DNA-based MNPs (DNA/dextran/PAA/Fe3O4 NPs) 

sensor working as a signal-off fluorescent assay for the sensitive recognition of tumor protein 

p53 expression. Their sensor showed a dose-response in the linear range from 50 pM to 2 nM 

and detected tumor protein p53 with a limit of detection of 8 pM. They applied magnetic 

nanoparticles which allowed for selective and sensitive analysis of real samples with 

minimum sample treatment steps and simple instrumentation. Tumor biomarker MNPs-based 

optical sensors have also been described such as anterior gradient homolog 2 (AGR2) 

utilizing ultraviolet-visible spectrophotometric measurements. 

Recently, Li and co-workers [73] prepared MNPs-based sandwich immunoassay for the 

electrochemical determination of cancer antigen 15-3 (CA15-3). The disposable screen-

printed carbon-based electrodes functionalized with graphene oxide was the sensing system 

used. The peroxidase-like magnetic silica nanoparticles/ graphene oxide composites were 

applied. In their research work, they used silica MNPs functionalized with azide groups to 

enable the acetylene-functionalized graphene, and then a monoclonal anti-CA15-3 antibody 

was immobilized at the graphene oxide-modified screen-printed carbon electrodes. The 

results were that the immunoassay exhibited a broad linear range (10−3 - 200 U/mL) for the 

determination of the cancer antigen and a limit of detection (LOD) of 2.8×10−4 U/mL. 
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3.2 Functionalized magnetic nanoparticles in the detection of glycoprotein 

Recently, Xihao and co-workers [74] developed a facile and time-saving method to 

synthesize phenylboronic acid and copolymer multi-functionalized magnetic nanoparticles 

(NPs) using a distillation–precipitation polymerization (DPP) technique for selective 

determination of glycoprotein. The co-polymerization method was used to synthesize the 

polymer shell in which two of the monomers-affinity ligand 3-acrylaminophenylboronic acid 

(AAPBA) and a hydrophilic functional monomer were involved. As a result, a hydrophilic 

Fe3O4@P(AAPBA-comonomer) NPs showed an enhanced binding capacity toward 

glycoproteins by an additional functional monomer complementary to the surface 

presentation of the target protein. 

In their procedure, they stabilized Fe3O4 NPs with citrate groups in which the modified 

hydrothermal method was used. After the sol−gel reaction of 3-(methacryloxy) 

propyltrimethoxysilane (MPS), the carbon−carbon double bonds were formed on the surface 

of Fe3O4 that serve as polymerization sites during the subsequent distillation−precipitation 

polymerization. The Fe3O4@P(AAPBA-comonomer) NPs were prepared by co-

polymerization in which the combinations of AAPBA, functional monomers, and methylene 

bis-(acrylamide) (MBAA) were employed through the use of the diketopyrrolopyrrole (DPP) 

method. In contrast to traditional precipitation polymerization, they noted that their method 

required a shorter time which took about 1.5 h while the traditional took a longer reaction 

time (16−24 h) to finish the whole polymerization process by DPP [75].  

In similar research, Sun and his group [76] prepared magnetic ferriferous oxide nanoparticles 

functionalized by phenylboronic acid were prepared and deposited on a magnetic electrode. 

The electrochemical behavior of glycoproteins was investigated by differential pulse 

voltammetry before and after the electrode was immersed in the glycoprotein solution. Iron 

oxide, Fe3O4 nanoparticles were functionalized with phenylboronic acid and dispersed on a 

magnetic glass carbon electrode for the determination of glycoproteins. Electrochemical 

reactions on the functionalized Fe3O4 nanoparticles were controlled by surface diffusion. The 

adsorption of glycoprotein (ovalbumin) was characterized by the peak current changes of 

potassium ferricyanide by differential pulse voltammetry. In their research, they found that 

functionalized Fe3O4 nanoparticle sensor showed a linear calibration response which was 

from 1.0 x 106 to 2.0 x 105 g/mL ovalbumin, with a detection limit of 1.205 x 107 g/mL [76, 

77]. 
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3.3 Emulsion polymerisation 

Emulsion polymerization is one that usually starts with an emulsion process in which water is 

incorporated in presence of a monomer and a surfactant. The most common type of such 

polymerization is an oil-in-water emulsion, in which droplets of monomer are emulsified in a 

continuous phase of water [78]. It has been applied in pharmaceutical purification processes 

and has been used to prepare molecularly imprinted nanoparticles [78]. Comparing 

molecularly imprinted nanoparticles and the bulk MIP NPs, the molecularly imprinted 

nanoparticles pose several advantages because they have greater total surface area per mass 

unit of polymer thereby increasing the rate of interaction between the template and MIP. 

Besides that, the polymer solubility is greatly improved when they are synthesized in their 

nano size. The size and shape of the synthesized particles based on MIP NPs can also be 

easily controlled as there is better control of manufacturing process using chemical reactors.  

Additionally, imprinted cavities are more easily accessible to the template that enhances the 

binding kinetics and promotes the template removal process, thus enhancing their overall 

performance. Table 3.1 shows differences in properties between bulk MIPs and MIP NPs. 

 

Table 3.1: differences in properties between bulk MIPs and MIP NPs [78, 79] 

MIP NPs Bulk MIP 

Affinity in the range 10-10 - 10-6 M, possibility of 

using affinity chromatography for the fractionation 

of high-performance NPs 

Affinity in the range 10-9 - 10-3 M 

depending on template 

Soluble NPs which can be treated as standard 

reagents 

Insoluble material difficult to 

process 

Soluble NPs which can be treated as standard 

reagents 

Substantial batch to batch 

variability  

Traces of template can be relatively easily 

removed using dialysis or affinity separation  

Possibility of template leaking 

from polymer 

MIP NPs with biological activity can be produced Limited prospects for in vivo 

applications 

Similar affinity for all binding sites, 1-2 per 

particle, 2-3 orders of magnitudes difference 

between specific and non-specific binding 

Broad distribution of binding sites 

with varying affinity, high level of 

non-specific binding 
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Vaihinger and co-workers [80] extended the approach of molecular imprinting by performing 

emulsion polymerization to obtain MIP NPs. They used emulsion polymerization to obtain 

NPs imprinted with L- or D-Boc-Phenylalanine anilid. Usually, Emulsion polymerization is 

carried out by producing an oil-water emulsion in which monomer, cross-linker, and template 

are in the disperse phase, while the initiator is in the continuous aqueous phase. The 

polymerization reaction then occurs in micelles stabilized by a suitable surfactant. In their 

work, the oil phase was composed of methacrylic acid as a functional monomer and ethylene 

glycol dimethacrylate was used as a cross-linker. They used different molar ratios to study 

the effect on particle size. The phase was mixed by vigorous stirring with the aqueous 

continuous phase composed of surfactant Sodium Dodecyl Sulphate which was dissolved in 

water. The mixture was sonicated and polymerized at a temperature of 80 °C for 16 h. A very 

high percentage of about 98% conversion rate of the nanodroplets into molecularly imprinted 

polymer nanoparticles was realized. The MIP NPs synthesized also manifested very good 

enantio-selectivity, especially when the monomer-to-cross linker molar ratio was 1:4. MIP 

NPs imprinted with L-BFA bound this template ten times more efficiently than they bound 

the D-enantiomer. They also noted a good affinity, since NIP NPs bound the template four 

times less than the MIP. Moreover, these rebinding properties were exhibited only when the 

amount of template was above 5 micromoles. Moreover, despite the particles realized being 

regularly spherical, their polydispersity of the particles was quite pronounced in which the 

sizes ranged between 50 and 300 nm. 

Roland and co-workers [81] prepared molecularly imprinted polymer (MIP) microspheres for 

piperine. The target compound was synthesized by precipitation polymerization with a 

noncovalent approach. In their research piperine was used as a template, acrylic acid as a 

functional monomer, ethylene glycol dimethacrylate as a cross-linker, and 

azobisisobutyronitrile (AIBN) as an initiator. In the synthesis process, acetonitrile was used 

as a solvent, and polymer particles obtained were evaluated for their rebinding efficiency 

using the batch binding assay. The imprinted polymer obtained was highly selective for 

piperine and exhibited the highest binding capacity (84.94%) as compared to other imprinted 

and nonimprinted polymers. The extraction efficiency of a highly selected imprinted polymer 

of piperine was more than 80%. 

 Recently Curcio and his group [82] prepared MIP NPs imprinted with glucopyranoside by 

the mini-emulsion polymerization technique. They developed a semi-covalent imprinting 

technique instead of a non-covalent one and aimed at forcing the template to be located on 
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the surface of the MIP NPs. They synthesized a polymerizable surfactant template consisting 

of four acrylic ester groups with a lipophilic chain and a polar sulfonate group. The polymer 

was able to dissolve in styrene which was chosen as a functional monomer. In their 

procedure, divinylbenzene, Azobisisobutyronitrile, and hexadecane were subsequently added 

and the solution was then mixed with an aqueous solution of SDS under ultrasonication. The 

chemical, Azobisisobutyronitrile was used as a free radical initiator in the polymerization 

process. The mini-emulsion obtained was thermally polymerized at 80 °C for 20 h, thereafter 

the template was removed by alkaline hydrolysis. The polymer obtained exhibited better 

rebinding capacity than those which were not imprinted. In addition, there was a good 

selectivity for glucopyranoside rather than galactopyranoside (α = 6.5) was also noted. They 

also noted that the rebinding kinetics was fast because only 5 hours passed to reach the 

equilibrium, but that of MIPs prepared by bulk polymerization took a long time about 24 to 

48 hours. They analyzed two classes of binding sites with low (KD = 5.780 × 10 -6 M) and 

high affinity (KD = 4.39 × 10-6 M). But this method of semi-covalent imprinting approach, 

there were difficulties in removing the entire template from MIP NPs [82].  

3.4 Molecularly imprinted polymers in the detection of glycoprotein 

The recognition and specific separation of glycoproteins from complex biological solutions 

are significant in clinical diagnostics [76]. There is a close relationship between glycoproteins 

and the occurrence of diverse diseases such as breast cancer. Luo and co-workers [83] 

prepared graphene oxide (GO) based molecularly imprinted polymers that possessed double 

recognition abilities. Boronic acid-functionalized graphene oxide (GO-APBA) was used in 

which they first prepared glycoprotein (ovalbumin, OVA) and then immobilized it onto the 

surface of GO-APBA through boronate affinity. Graphene oxide-APBA/MIPs (GO-

APBA/MIPs) composites with OVA as the template, were prepared by the sol-gel 

polymerization method of organic silanes on the surface of GO-APBA. The OVA-imprinted 

cavities were able to recognize OVA. The designed glycoprotein-imprinted hybrid materials 

(GO-APBA/MIPs) were able to display good selectivity, large adsorption capacity, and fast 

adsorption process with simple and environmentally-friendly preparation, excellent structural 

stability, and chemical inertness as in Figure 3.1. 
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Figure 3.1:  Schematic illustration of the synthesis of GO-APBA/MIPs [83] 

In another report, Morishege and co-workers [84] developed sensitive and selective 

polymeric nanocavities for the detection of glycoprotein using a novel molecular imprinting 

technique which was based on the post-imprinting modification. This technique was able to 

allow the introduction of two different interaction sites and a fluorescent reporter within each 

nanocavity. The glycoprotein used in their experimental work was hepatocellular carcinoma 

α-fetoprotein (AFP). In this molecular imprinting, AFP conjugated with polymerizable 

groups by disulfide bonding was prepared and immobilized on a 4-carboxy-3-

fluorophenylboronic acid-immobilized substrate by cyclic diester formation between AFP 

glycans in an oriented immobilization manner in which the facilitation of the creation of 

homogeneous AFP-imprinted nanocavities was created.  

They further added that a thiol-reactive fluorescent dye was added to the nanocavities by in-

cavity post‐imprinting modification producing signaling AFP-imprinted nanocavities capable 

of transducing AFP-binding events into fluorescence changes. For selectivity purposes a 

reference protein was used which showed little response, while the limit of detection of AFP 

was 0.27 ng/mL in diluted human serum. Thus, the proposed in-cavity Polymer of intrinsic 

microporosity-based molecular imprinting technique is effective for ELISA-relevant, 

antibody-free sensing systems for glycoproteins [84]. 
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3.5 Casein detection in breast cancer cells 

Recently, it has been reported that the amount of casein in the sera of patients with carcinoma 

of the breast was higher than the normal [85]. They noted that neoplastic mammary epithelial 

cells can produce a product normally secreted by the mammary gland in the presence of 

lactogenic hormones.  

According to Hendrick and co-workers, [86] they established that kappa-casein levels are 

raised in the sera of patients with breast cancer. They used the radio-immunoassay technique 

to detect the levels of casein in the sera of patients with breast cancer, 72% of eleven patients 

with breast cancer were diagnosed with high levels of kappa-casein. However, their methods 

involved the collection of blood from the patients which were invasive. Additionally, the 

sample preparation involved labeling with radioactive materials. The limit of detection was 

100 ng/ml. They found that patients with breast cancer were casein positive using 

immunofluorescence techniques.  

In another report [87] kappa-casein concentrations were measured by radioimmunoassay in 

serum samples from patients with breast diseases. Woods and co-workers [88] added that the 

normal level of kcn in human sera was 60 ng/mL. Those with benign tumors had kappa-

casein levels of 240 ng/mL, localized tumors had kcn levels of 520 ng/mL and metastatic 

tumors had levels above 600 ng/mL. 

 The radioimmunoassay, immunofluorescence and other techniques used to detect kappa-

casein are expensive, insensitive, need the labeling of isotopes, and need trained personnel. 

Hence there is an urgent need to develop a sensor that can detect kappa-casein with low-cost 

while sensitive one. 

3.6 Molecularly imprinted polymers in the detection of caseins 

The selective electrochemical determination of casein from bovine milk (consisting of a-s1 

Casein, α-s2 Casein, β-Casein, and kappa-Casein was developed by Piyawan and co-workers 

[89]. The determination of kappa-casein with other products was based on magnetic 

molecularly imprinted nanoparticles (MMIPs). The nanoparticles were modified on the 

carbon paste electrode in which the superparamagnetic iron oxide nanoparticles were used. 

They synthesized nanoparticles using the solvothermal method in which iron (II) chloride and 

iron (III) chloride were used and the particle size obtained was in the range of 6–10 nm. They 

modified the surface of magnetite using methyl methacrylate to create surface specificity or 

molecular imprinting to the casein template. The template-shaped cavities coated on magnetic 
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nanoparticles were realized when the template was removed by the porogenic solvent. The 

fabricated electrode indicated high sensitivity and low limit of detection as 1.058 × 102 µAg−1 

mL and 0.048% w/v, respectively. 
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CHAPTER 4 

EXPERIMENTAL TECHNIQUES AND CHARACTERIZATION 

4.1 Materials 

Iron trichloride hexahydrate (FeCl3·6H2O) reagent grade, ≥98%, iron dichloride tetrahydrate 

(FeCl2·4H2O)reagent grade, ≥99 % , ammonium persulfate reagent grade, 98%, acrylamide 

≥99.0% (GC),  thionyl chloride≥ 99.0 %, boric acid ACS reagent, ≥99.5%,  albumin bovine 

≥98% were all purchased from Merck, and deionized water and distilled water were purchased 

from Bimbe Lusaka. Kappa-casein was donated by the University Of Zambia School Of 

Agriculture. Aniline pure grade (99.9%), sodium lauryl sulfate 98%, hydrochloric acid 38%, 

acetone 99.5%, ethanol ≥ 99.5%, and chloroform99% were purchased from Sigma-Aldrich. 

All chemicals and solvents in this work were used as received except for aniline, which was 

distilled twice before use. 

4.2 Instrumentation 

Fourier transform infrared (FT-IR), a Perkin Elmer Spectrum RXI FT-IR spectrometer, 

Schimadzu 2000 UV-Vis spectrophotometer, X-ray Diffraction (XRD) Shimadzu XD-610, 

Bruker Dimension Icon Atomic force microscope (AFM) in scan Asyst mode, Automated 

Kjeltron-Tullin and Gas Chromatography-Mass Spectrophotometer (GC-MS) were used in 

sample characterization. 

4.3 Preparation of materials 

4.3.1 Synthesis of Fe3O4 nanoparticles 

Synthesis of Fe3O4 magnetic nanoparticles was done by co-precipitation of iron trichloride 

hexahydrate (FeCl3·6H2O) and iron dichloride tetrahydrate (FeCl2·4H2O). In the preparation 

of Fe3O4 nanoparticles, 15.20 g of FeCl3·6H2O and 5.30 g of FeCl2·4H2O were dissolved into 

200 mL of deionized water. The mixture was then stirred for 30 minutes and chemical 

precipitation was achieved by adding 2 M NaOH solution. The reaction system ran for 1 h 30 

min. Co-precipitation of Fe3O4 was completed at pH 9.  The precipitates were separated by a 

permanent magnet and washed with deionized water until pH neutral. Finally, Fe3O4 

nanoparticles were washed with acetone and dried in an oven at 70oC. 
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4.3.2 Synthesis of Fe3O4@PAM core/shell magnetic nanoparticles 

The Fe3O4@PAM core/shell magnetic nanoparticles were prepared by dissolving 3.0 g of 

Fe3O4 nanoparticles and 2.0 g of acrylamide in 200 mL of deionized water and 0.2 g of 

ammonium persulfate were added portion wise into the beaker under vigorous stirring. After 

stirring for 24 h, the synthesized composites were separated by a magnet and then thoroughly 

washed with distilled water and dried in a vacuum at 60 oC.   

4.3.3 Synthesis of core/shell magnetic nanoparticles@boric acid (Fe3O4@PAM@BA) 

In the preparation of Fe3O4@PAM@BA, 1.5 g of Fe3O4@PAM and 1.28 g of boric acid were 

added to 25 mL of chloroform. Then 1.5 mL of thionyl chloride was added drop-wise while 

keeping the mixture in an ice bath for 4 minutes. The mixture was stirred for 1 h at room 

temperature and then 50 mL of acetone was added and the mixture was refluxed for 10 h.  

After that, the nanoparticles were collected using a magnetic and washed several times with 

diethyl ether and dried at 80oC for 12 h.   

4.3.4 Synthesis of core/shell magnetic nanoparticles@boric acid non-imprinted 

polymers (Fe3O4@PAM@BA/NIP). 

In the synthesis of Fe3O4@PAM@BA/NIP, 60 mg of Fe3O4@PAM@BA was added to 40 

mL of 20 mM phosphate buffer (PBs) of pH 7.4 without the addition of kappa-casein (kcn). 

The mixture was sonicated for 5 minutes and shaken at room temperature for 3 h. The 

nanoparticles were separated with a permanent magnet and washed with 40 mL PBs (pH 7.4, 

20mM) for 4 times and then dispersed in 40 mL PBS (pH 7.4, 20 mM) containing 50 µL of 

aniline with 20 µL ammonium persulphate solution (APS) (2.0 wt%) which was added drop-

wise under stirring. The mixture was stirred for 3 h at room temperature and the final product 

was separated and washed vigorously with ethanol and distilled water. 

4.3.5 Synthesis of core/shell magnetic nanoparticles@boric acid molecularly imprinted 

polymers (Fe3O4@PAM@BA/MIP). 

This method was adopted from [88] although with minor modifications. In this method, the 

synthesis of the nanoparticles was done by adding 60 mg Fe3O4@PAM@BA to 40 mL of 20 

mM phosphate buffer (PBs) of pH 7.4. After 5 minutes of sonication, 20 mg of kcn was 

added and then the mixture was sealed and shaken at room temperature for 3 h to immobilize 
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(kcn) onto the Fe3O4@PAM@BA surface. After that, the nanoparticles were separated with a 

permanent magnet and washed with 40 mL PBs (pH 7.4, 20mM) 4 times. The nanoparticles 

were then dispersed in 40 mL PBS (pH 7.4, 20mM) containing 50 µL of aniline with 20 µL 

APS solution (2.0 wt%) and were added drop-wise under stirring. The mixture was stirred for 

3 h at room temperature and the final product was separated and washed vigorously with 

ethanol and distilled water to remove unreacted monomers. 

 The kcn imprinted Fe3O4@PAM@BA/MIPs were then washed with an acid solution (pH 

3.5) containing 5% SDS to extract the embedded kcn until there was no absorption detected 

by UV–Vis spectrophotometer. The NPs were collected magnetically and washed with 

distilled water until the pH was neutral, and finally dried under vacuum. 

The synthetic route for the superparamagnetic composite MIPs is schematically illustrated in 

Figure 4.1. 

 

Figure 4.1: The synthetic route for the superparamagnetic composite MIPs 

4.3.5 Characterization of materials 

The FT-IR spectra were recorded using KBr powder on a Perkin Elmer Spectrum RXI FT-IR 

spectrometer. The samples were scanned over a range of 500 cm-1 to 4000 cm-1. UV-VIS 

measurements were recorded using a Shimadzu 2000 UV-Vis spectrophotometer. The 

measurements were carried out on thin films of Fe3O4 NPs, MIP/NIP on glass slides, and 

cuvettes. The crystal structure of the products was characterized by X-ray Diffraction (XRD) 
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Shimadzu XD-610. The patterns with the Cu Kα radiation (λ = 1.54187 Å) at 50 kV, 30 mA 

were recorded in the region of 2θ range 10 to 80o. Atomic Force Microscope (AFM) 

experiments were performed using a Bruker Dimension Icon AFM in scan Asyst mode. The 

measurements were carried out on MNPs thin films. 

4.3.6 Rebinding experiments 

The adsorption performances and binding capacity of the imprinted polymer were evaluated 

to estimate the binding properties of the system. The binding properties of the imprinted 

polymer were evaluated through adsorption isotherms. The adsorption isotherm is an 

important parameter to describe the interaction of solutes towards the sorbent surface. 

In the equilibrium experiment, 5.0 mg of Fe3O4@PAM@BA/MIPs and 

Fe3O4@PAM@BA/NIPs were added respectively into a centrifuge tube. To each sample 5.0 

mL kappa-casein (kcn) solution of the initial concentrations ranging from 0.1 mg/mL to 1.2 

mg/mL were added as indicated in Table 5.2 and the process was done three times. The 

mixture was shaken at 25 ℃ for 3 h in an orbital shaker. A super magnet was placed at the 

bottom of the vial to separate the nanoparticles from the rest of the liquid. The concentration 

of kcn in the separated liquid was determined using UV–Vis spectrophotometer at 290 nm. 

4.3.7 Selectivity experiments 

Albumin and bovine albumin were used to evaluate the selectivity of the nanoparticles. The 

nanoparticles were measured by employing glycoprotein (albumin) and non-glycoprotein 

(bovine albumin) as competitors. Typically, 6.0 mg of Fe3O4@PAM@BA/MIPs and 

Fe3O4@PAM@BA/NIPs nanoparticles were placed into three protein stock solutions with a 

concentration of 0.4 mg/mL and a volume of 6.0 mL at pH 7.4 in phosphate buffer of 20 mM. 

The mixtures were shaken for 3.0 h at room temperature.  The nanoparticles were separated 

by a magnet and allowed to stand for 30 min. Then the supernatant was detected by UV–Vis 

spectrometer at a wavelength of 290 nm. The specificity of Fe3O4@PAM@BA/MIPs to kcn 

was estimated by the distribution coefficient Kd. 

4.3.8 Selective binding ability of Fe3O4@PAM@BA/MIPs and Fe3O4@PAM@BA/NIPs 

towards kappa-casein. 

The Kjeldahl analysis of a kappa-casein sample with and without treatment by 

Fe3O4@PAM@BA/MIPs andFe3O4@PAM@BA/NIPs were analyzed using the automated 
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Kjeltron-Tullin equipment and the percent nitrogen content was calculated as %N = (100Vt 

Na1.4007)/Wg where Vt is the titer volume mL, Na is the normality of the acid and Wg is the 

equivalent weight in grams of 0.4 mg/mL. The percentage of protein is calculated as 

%Protein = (100Vt PFNa1.4007)/Wg where PF is the protein factor (6.38). The relative 

standard deviation (RSD %) = (Standard Deviation x 100) / Average. 

4.3.9 Methods validation 

The method was validated by a gas chromatography-mass spectrometer (GC-MS). The 

derivatization of kappa-casein was done by the addition of 120 µL of water to 60 µL of 

kappa-casein. To the solution, 80 µL of methanol/pyridine (4:1) and 10 µL of methyl 

chloroformate were added. The mixture was thoroughly shaken and allowed to react for 2 

min. Then 150 µL 1% methyl chloroformate in chloroform was added and shaken for 1.0 

min. Pyridine was removed by the addition of 100 µL 1.0 M hydrochloric acid and the 

sample was neutralized by adding 100 µL 0.5 M of sodium carbonate. Then 1.0 µL of the 

derivatized kcn sample was injected splitless into a 6890 gas chromatography coupled with a 

5975 Network mass spectrometer (Agilent Technologies). The injector temperature was 

250°C. The gas flow rate through the column was 1.0 mL/min. The fused silica capillary 

column was a 0.25 μm DB5- MS, 60 m × 0.25 mm ID. The initial temperature program was 

10 min of isothermal heating at 40°C then increased to 250 at 10°C/min and held at 250°C 

for 10 min. The ions were generated at 70 eV with electron ionization and were recorded at 

1.6 scan/s in a full scan mode. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Introduction 

This chapter discusses the results of the characterization experiments carried out in this study. 

These include techniques for structural analysis such as Fourier Transform Infrared, 

Ultraviolet-visible and those for morphology characterization which include Atomic Force 

Microscopy and X-ray diffraction (XRD). The results from the adsorption studies are also 

discussed. 

5.2 FT-IR spectral studies on the Fe3O4 magnetic nanoparticles and functionalized 

Fe3O4 magnetic nanoparticles 

The spectra of Fe3O4 magnetic nanoparticles and functionalized Fe3O4 magnetic are depicted 

in Figure 5.1.  The characteristic absorption of the Fe-O bond appears at 558 cm−1 and it is in 

perfect agreement with [91] The peak at 1655 cm−1 was caused by stretching vibrations of 

C=O and N-H in polyacrylamide (PAM) after functionalizing with PAM and the peak at 

3418 cm–1 refers to the H-O-H bending mode, indicating the presence of interstitial water in 

the samples. Besides, a new peak observed at 1390 cm−1 is assigned to –OH bending 

vibration indicating that boric acid was bonded to PAM and this peak disappeared after the 

immobilization of kcn. This is because boric acid reacted with kcn hence the peak 

disappeared. Peaks at 1650 cm−1 and 1100 cm−1 are caused by the stretching vibrations of 

asymmetric COO- and symmetric COO- after loading of kcn which is in agreement with [92]. 

The new peak at 1080 cm−1 reveals C-Nstretching vibration in the 1, 4-disubstituted benzene 

ringwhich is in tandem with [92]. 



34 
 

4000 3500 3000 2500 2000 1500 1000 500

50

60

70

80

90

100

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber cm-1

 Fe
3
O

4
 NPs

 Fe
3
O

4
@PAM

 Fe
3
O

4
@PAM@BA

 Fe
3
O

4
@PAM@BA@kcn

 Fe
3
O

4
@PAM@BA@kcn/MIP

 Fe
3
O

4
@PAM@BA@kcn/NIP

C=O and N-H  

1655

558 cm−1 

1390 cm
-1

1650 cm
-1

1100
cm-11390 cm

-1

1080cm
-1

 

 

 

Figure 5.1:  FT-IR Spectra of Fe3O4 NPs and functionalized magnetic nanoparticles. 

5.3 Ultraviolet -Visible Spectroscopy Studies 

The UV-Vis studies were further carried out to validate the optical properties of the 

synthesized nanoparticles as shown in Figure 5.2. It can be observed from the spectra that the 

absorption peaks shifted towards the higher wavelength which was attributed to an increase 

in the particle size and it is in perfect agreement with [7]. This was observed after Fe3O4 NPs 

were functionalized with PAM, BA, and kcn making the band-gap of a material decrease 

which results in the shifting of the absorption peak towards the higher wavelength side which 

is in tandem with [7, 65].. In addition the peak at 311 nm is attributed to the π → π* transition 

of the benzenoid rings, an indication of the transition of an electron from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The peak at 

440 nm can be assigned to polaron transitions which are in good agreement with the other 

reports that these polarons are the dominant species in the conductance process which is in 

agreement with [93].  
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Figure 5.2: UV-Vis spectra of Fe3O4 NPs, Fe3O4@PAM, Fe3O4@PAM@BA, 

Fe3O4@PAM@BA@Kcn and Fe3O4@PAM@BA@PANI 

5.4 X-Ray Diffraction RD Spectroscopic Analysis 

The diffraction patterns were plotted as shown in Figure 5.3.  The diffraction peaks appeared 

with 2θ = 18.3°, 35.2°, 38.1°, 45.1°, 53.4°, 56.8°, and 65.7° corresponding to planes. The 

seven diffraction peaks indicate the electron diffraction process that occurs in the diffraction 

plane of Fe3O4 nanoparticles, namely fields (111), (220), (311), (222), (400), (422), (511), 

and (440) respectively which are characteristics of Fe3O4 nanoparticle diffraction pattern 

according to JCPDS standard data 19-0629 and it is in perfect agreement with [95]. The 

width of the peaks is reducing from Fe3O4 NPs to Fe3O4@PAM@BA/NIPs as the particle 

increased. After kappa-casein was immobilized on the imprinted nanoparticles, new peaks 

were noted showing the presence of kappa-casein.  

The average crystallite size of nanoparticles was be estimated using Debye Scherrer formula 

D= kλ/βcosθ, where D is the crystallite mean size, k is a shape function for which a value of 

0.9 is normally used, λ is the wavelength of the radiation, β is the full width at half-maximum 

(FWHM) in the 2θ scale and θ is the Bragg angle. It was found that the average crystallite 

sizes of magnetic nanoparticles were 78 nm.  
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Figure 5.3: XRD patterns of Fe3O4 NPs s,Fe3O4@PAM@BA/NIP, Fe3O4@PAM@BA/MIP, and Kcn. 

5.5 Atomic Force Microscopy Studies 

5.5.1 Atomic Force Microscopy (AFM) Studies of Fe3O4 nanoparticles 

Surface morphology analysis was carried out using AFM to further evaluate the morphology 

on the magnetic nanoparticles (MNP), magnetic non imprinted particles (MNIP), and 

magnetic molecularly imprinted particles (MMIP) nanoparticles. Figure 5.4 shows 0.14 m 

scanned AFM 3D height images for the Fe3O4 NPs thin films done in contact mode. The 

AFM image showed a clear film that consists of a thin layer of small spherical nanoparticles 

with an average size of 40.2 nm.  The average roughness was 1.7 nm. The AFM images 

further confirm that the nanoparticles were successfully synthesized as planned.  
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Figure 5.4: 3D and 2D AFM images of Fe3O4 nanoparticles 

5.5.2 Atomic Force Microscopy (AFM) Studies of MNIP nanoparticles 

Atomic Force Microscopy studies were carried out to further evaluate the morphology of the 

MNIP films. Figure 5.5 shows the 0.14 m scanned AFM 3D height image for the MNIP thin 

films done in contact mode. The result shows that the particles are spherical with a general 

increase in particle size to an average of 88 nm. An increase in the size of 47.8 nm was due to 

the functionalization process of nanoparticles. The roughness average value for the MNIPs 

was found to be 3.8 nm as determined by Gwyddion software. This means that there was an 

increment of 2.1 nm from iron oxide. 

 

Figure 5.5: 3D and 2D AFM micrographs of the synthesized MNIP nanoparticles 

5.5.3 Atomic Force Microscopy (AFM) Studies of MMIP nanoparticles 

The morphology of MMIP NPs was also evaluated by atomic force microscopy (AFM). 

Figure 5.7 shows the 0.14 m scanned AFM 3D height image for the MMIP thin films done 



38 
 

in contact mode. The result shows that the particles are spherical with a general increase in 

particle size to an average of 120 nm with an increment of 32 nm. As indicated in the table 

5.1, the average surface roughness was found to be 5.3 nm as determined by Gwyddion 

software. 

 

Figure 5.6: 3D and 2DAFM micrographs of the synthesized MMIP nanoparticles 

Table 5.1: Average size and surface roughness of MNPs, MNIPs, and MMIPs 

Sample Average size nm Average Surface Roughness (Ra, nm) 

MNPs 40.2 1.7 

MNIPs 88 3.8 

MMIPs 120 5.3 
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5.6 Adsorption isotherms 

Table 5.2: Concentration of kcn and amount bound in the sample solutions 

Initial kcn 

concentration 

(mg/mL) 

Kcn concentration 

at equilibrium ( eC )-

MIP (mg/mL)  (± 

SD [n=3] 

Bound 

kcn 

(mg/mL)-

MIP 

Kcn concentration 

at equilibrium ( eC ) 

NIP (mg/mL)  (± SD 

[n=3] 

Bound kcn 

(mg/mL)-

NIP 

0.1 0.010 ± 0.001 0.09 0.080 ±0.005 0.02 

0.2 0.020 ±0.001 0.18 0.130 ±0.002 0.07 

0.3 0.030 ±0.002 0.27 0.200 ±0.001 0.10 

0.4 0.070 ±0.001 0.33 0.270 ±0.006 0.13 

0.5 0.130 ±0.001 0.37 0.370 ±0.001 0.13 

0.6 0.180 ±0.001 0.42 0.440 ±0.001 0.16 

0.7 0.270 ±0.002 0.43 0.540 ±0.002 0.16 

0.8 0.350 ±0.001 0.45 0.640 ±0.001 0.16 

0.9 0.430 ±0.001 0.47 0.740 ±0.001 0.16 

1.0 0.520 ±0.001 0.48 0.830 ± 0.001 0.16 

1.1 0.620 ±0.002 0.48 0.940 ±0.002 0.16 

1.2 0.720 ±0.001 0.48 1.000 ±0.003 0.16 

 

To quantitatively evaluate the maximum rebinding experiments, adsorption isotherms were 

determined using a series of kcn testing solutions with different concentrations as indicated in 

Table 5.2 which was done three times. The Freundlich and Langmuir isotherm models were 

used to explain the equilibrium data based on the linear fit, which could be calculated from 

equations (1) and (2). 

 
 eL

eLm
e

CK

CKQ
Q




1
(Langmuir model)                                                                                (1)

n
eLe CKQ

1

 (Freundlich model)                                                                                             (2) 

Where mQ (mg g−1) represents the maximum adsorption capacity. LK  (mL mg−1) is the 

Langmuir adsorption constant. Besides,  1gmgKF is the adsorption constant in the 
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Freundlich isotherm model while n is a correction factor. Langmuir and Freundlich's model 

parameters are listed in Table 5.5. 

It was observed that the maximum adsorption capacity, mQ for Fe3O4@PAM@BA/NIPs was 

lower than that of Fe3O4@PAM@BA/MIPs. This observation confirmed that 

Fe3O4@PAM@BA/MIPs were favorable adsorbent for the uptake of kcn according to the 

results in Table 5.5. As noted in the same Table, the high correlation coefficients of 

Fe3O4@PAM@BA/MIPs and Fe3O4@PAM@BA/NIPs were R2=0.99909 and 0.72893 

respectively) which indicated that the experimental rebinding equilibrium data were well 

fitted to the Langmuir model. This suggests that the adsorption process of k-casein onto kcn-

MMIPs was of the monolayer and therefore the adsorption process was homogeneous.  

The mQ of Fe3O4@PAM@BA/MIPs (0.509 mg/g) was nearly 2.94 times higher than 0.173 

mg/g of Fe3O4@PAM@BA/NIPs. It was noted that the molecularly imprinted polymer 

played an important role in enhancing the capture amount of kappa-casein as a glycoprotein 

in physical conditions. On the other hand, there was a lack of specific rebinding sites in 

Fe3O4@PAM@BA/NIPs. The Langmuir constant was calculated as 24.96 mL/mg for 

Fe3O4@PAM@BA/MIPs and that of Fe3O4@PAM@BA/NIPs was 2.57 mL/mg.  To 

determine the effect of adsorption isotherm, another important parameter is RL, a 

dimensionless constant which is referred to as separation factor and is defined from the 

following equation (3).  

 iL

L
CK

R



1

1
                                                                                                                    (3) 

Where  L/mgLK the Langmuir is constant,  mg/LiC is the highest initial kcn concentration. 

The value of LR exhibits that the adsorption will be favorable or not. Adsorption will be 

unfavourable if 1LR , Linear if 0LR  and favourable if 0 < LR <1. The LR  values were 

0.032 kcn-MMIPs and MNIPs244.0  which were between 0 and 1 as shown in Table 5.5, 

indicating favorable adsorption. It was more favorable for kcn-MMIPs than MNIPs as the LR

for kcn-MMIPs was less than that of MNIPs. 

From the well-known linearized expression of the Langmuir isotherm model as indicated in 

equation (4) 
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Where Ce is the equilibrium concentration in mg/mL, eQ  is the amount of adsorbate adsorbed 

at equilibrium in mg/g, and mQ (mg/g) and LK  (mL/ mg) are the Langmuir constants related 

to the adsorption capacity and the rate of adsorption, respectively. When 
e

e

Q

C
was plotted 

against eC , a straight line with slope 
mQ

1
 and intercept 

 LKQm

1
 occur as shown in Figures 

5.9 and 5.10. 

 

Table 5.3: The equilibrium adsorption capacities of MMIPs and MNIPs based on the Langmuir 

equation. 

Kcn concentration 

at equilibrium (Ce)-

MIP (mg/mL)  (± 

SD) [n=3] 

( mQ LK eC )/(1+ LK

eC ) (mg/g)-MIP( eQ ) 

Kcn concentration 

at equilibrium ( eC ) 

NIP (mg/mL)  (± 

SD [n=3] 

( mQ LK eC )/(1+ LK

eC ) (mg/g)-NIP( eQ

) 

0.010 ± 0.001 0.102 0.080 ±0.005 0.041 

0.020 ±0.001 0.169 0.130 ±0.002 0.061 

0.030 ±0.002 0.218 0.200 ±0.001 0.082 

0.070 ±0.001 0.323 0.270 ±0.006 0.099 

0.130 ±0.002 0.389 0.370 ±0.001 0.118 

0.180 ±0.001 0.416 0.440 ±0.001 0.129 

0.270 ±0.002 0.443 0.540 ±0.002 0.141 

0.350 ±0.001 0.456 0.640 ±0.001 0.151 

0.430 ±0.001 0.465 0.740 ±0.001 0.159 

0.520 ±0.001 0.472 0.830 ± 0.001 0.165 

0.620 ±0.002 0.478 0.940 ±0.002 0.171 
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0.720 ±0.001 0.509 1.000 ±0.003 0.174 

 

The equilibrium adsorption capacity  1gmg 

eQ was calculated using Equation (5).  

 
m

CCV
Q e

e




m
                                                                                                        (5). 

Where  1mLmg 

iC and  1mLmg 

eC  were the initial and equilibrium concentrations of kcn 

in PBS solution.  mLV was the volume of the kcn solution and m (mg) was the mass of the 

sample.  

 

Figure 5.7: The Langmuir plot with a plot of Ce/Qe against Ce-MMIPs 
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Figure 5.8: The Langmuir plot with a plot of Ce/Qe against Ce-MNIPs 
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Figure 5.9: Langmuir isotherm model showing the equilibrium data Fe3O4@PAM@BA/MIP and 

Fe3O4@PAM@BA/NIP 
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The Freundlich isotherm model shows an empirical relationship that describes the 

heterogeneity of sorbent surface and reflects as multilayer adsorption. The linearized form of 

Freundlich isotherm is given below. 

ee InC
n

KFLnQ
1

ln                                                                                                      (6) 

Where eQ  and eC  are the same as in Langmuir isotherm, KF  and n  are the Freundlich 

constants. 
























n

1

g

L

g

mg
KF is related to the binding energy of the adsorbent, and n is the 

heterogeneity factor that measures the deviation from the linearity of the adsorption. It 

exhibits the degree of non-linearity between the adsorption and solution concentration. The 

adsorption will be favorable if the value is in the range of 1 to 10. The plot between ln eQ  v/s 

ln eC  gives a straight line with slope 
n

1
 and intercept ln KF , as represented in Figures 5.11 

and 5.12. 

 

Table 5.4: The equilibrium adsorption capacities of MMIPs and MNIPs based on the Freundlich 

equation 

Kcn concentration 

at equilibrium ( eC )-

MIP (mg/mL)  (± 

SD) [n=3] 

KF eC n

1

 (mg/g)-

MIP 

Kcn concentration at 

equilibrium ( eC ) NIP 

(mg/mL)  (± SD) [n=3] 

KF eC n

1

 

(mg/g)-NIP 

0.010 ± 0.001 0.189 0.080 ±0.005 0.041 

0.020 ±0.001 0.224 0.130 ±0.002 0.056 

0.030 ±0.002 0.247 0.200 ±0.001 0.074 

0.070 ±0.001 0.302 0.270 ±0.006 0.089 

0.130 ±0.002 0.351 0.370 ±0.001 0.110 

0.180 ±0.001 0.379 0.440 ±0.001 0.123 

0.270 ±0.002 0.418 0.540 ±0.002 0.141 

0.350 ±0.001 0.445 0.640 ±0.001 0.157 

0.430 ±0.001 0.467 0.740 ±0.001 0.173 

0.520 ±0.001 0.489 0.830 ± 0.001 0.186 

0.620 ±0.002 0.510 0.940 ±0.002 0.202 
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Figure 5.10: Freundlich plot of InQe against InCe-MMIP 

 

Figure 5.11: Freundlich plot of InQe against InCe-MNIP 
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Table 5.5: Langmuir and Freundlich model parameters 

Langmuir model parameters Freundlich model parameters 

Adsorbents Qm 

(mg/g) 

KL 

(mL/mg) 

RL R R2 R2 R KF  1/n 

Kcn-

MMIP 

0.509 24.96 0.032 0.99959 0.99909 0.89442 0.95131 0.572 0.241 

MNIP 0.173 2.57 0.244 0.86082 0.72893 0.71829 0.86250 0.210 0.648 

 

5.7 Molecular selectivity of Fe3O4@PAM@BA/MIPs (MMIPs) 

To verify that imprinted polymers are selective to kcn, the binding of kcn, bovine albumin, 

and ova were investigated. Table 5.6 indicates the satisfactory selectivity of MMIPs towards 

kcn. The amount bound for kcn, bovine albumin and ova were 0.045 mg/mL, 0.003 mg/mL 

and 0.005 mg/mL respectively. The distribution coefficient, dK  for ova was 9.77 times less 

than that of kcn and that of bovine albumin was 15.88 times less than that of kcn meaning 

that ova was more related to kcn based on the structure than bovine. Besides, the binding 

percentage kcn was higher than that of albumin bovine, and ova as shown in Figure 5.12. The 

results show that the recognition cavity plays a key role in the specific recognition property 

of MMIPs. The imprinted polymers exhibited a high binding affinity for kcn, while the 

structurally related compounds ova and bovine albumin showed less binding affinity. The 

binding affinity of ova on MMIPs is low because there is no recognition cavity of ova on the 

surface of MMIPs and ova cannot fit into the recognition cavity. For bovine albumin, since it 

has neither cis-diol groups nor did it have a recognition cavity on the surface of MMIPs, 

which led to the lowest distribution coefficient means that the binding affinity is very low.  

The distribution coefficient, dK  was utilized to evaluate the molecular selectivity of 

Fe3O4@PAM@BA/MIPs. The distribution coefficient, dK  is defined as follows: 

s

p

d
C

C
K  ,                                                                                                                            (7) 
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where 
pC (mg/mL) is the amount of adsorbed kcn on MMIPs and sC (mg/mL) is the 

equilibrium concentration of substrates in solution. Table 5.6 shows the dK values of the 

three tested compounds.  

Table 5.6:  Comparison of the distribution coefficient of kcn, and albumin bovine and ova 

Substrate Initial 

concentrati

on mg/mL 

Concentration at 

equilibrium  (mg/mL) 

(± SD) [n=3] 

Amount 

bound 

mg/mL 

Distribution 

coefficient, Kd 

Kcn 0.4 0.355±0.001 0.045 0.127 

Bovine Albumin 0.4 0.397±0.001 0.003 0.008 

Albumin (ova) 0.4 0.395±0.002 0.005 0.013 

 

5.9 Kjeldahl analysis for the determination of protein and nitrogen from kappa-casein 

biomarker samples. 

 

Figure 5.12: Automated Kjeltron-Tullin for protein and nitrogen analysis 

 

Table 5.7:  Results based on protein and nitrogen content after 10 minutes of incubation 

SAMPLES PROTEIN% NITROGEN% 

Average ± SD% RSD% Average ± SD% RSD% 

kappa-casein 2.884±0.003 0.087 0.452±0.002 0.442 

Extraction-MMIP 0.614±0.001 0.098 0.096±0.001 1.042 

Extraction-MNIP 2.256±0.004 0.168 0.354±0.001 0.169 

Elution-MMIP 2.385±0.002 0.063 0.374±0.003 0.668 

Elution-MNIP 0.240±0.001 0.250 0.037±0.001 2.703 
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The Kjeldahl analysis was used to verify the efficiency of the selective binding ability of 

Fe3O4@PAM@BA/MIPs andFe3O4@PAM@BA/NIPs. As shown in table 5.7, non-treated 

kappa-casein the protein and nitrogen percent content were 2.884±0.003 and 0.452±0.002 

respectively. After treating with Fe3O4@PAM@BA/MIPs, the supernatant had 0.614 percent 

protein and 0.096 percent nitrogen. This means that most of the recognition cavities were 

saturated. When Fe3O4@PAM@BA/NIPs were used to treat the kappa-casein, the 

supernatant was analyzed and the percent protein and nitrogen were 2.256±0.004 and 

0.354±0.001 respectively. This implies that there were no recognition sites on MNIPs and 

more of the kappa-casein biomarker were retained in the supernatant. Less than 0.7% 

adsorbed on the surface of the Fe3O4@PAM@BA/NIPs. This indicates that 

Fe3O4@PAM@BA/NIPs did not have cavities that were complementary to the kappa-casein 

biomarker. 

The kappa-casein eluted by SDS/HAc (5% w/v: 2% v/v) from Fe3O4@PAM@BA/MIPs and 

Fe3O4@PAM@BA/NIPs were also subjected to analysis. The eluate from MMIPs had 

2.385±0.002% protein and 0.374±0.003% nitrogen and that of Fe3O4@PAM@BA/NIPs had 

0.240±0.001% and 0.037±0.001% protein and nitrogen respectively. The imprinted polymers 

exhibited a high binding affinity for kcn, while the Fe3O4@PAM@BA/NIPs showed less 

binding affinity. Comparing the elution amount of kappa-casein, Fe3O4@PAM@BA/NIPs 

did not have recognition cavities. The obtained results are reliable and reproducible following 

the expected values, with a low relative standard deviation of less than 2.703% which means 

high repeatability of the results. 

5.10 The detection limit of kcn-MMIPs. 

The absorbance of various concentrations was measured using the UV-Vis 

spectrophotometer. The shoulder between 290 – 295 nm disappeared with a concentration of 

15 nm/mL as a limit of detection. Compared with other biosensors (Table 5.8), the proposed 

methods in this work gave higher sensitivities with wide linear ranges for kcn detection. 

Table 5.8: Comparison of the limit of detection (LOD) 

Target Methods LOD (ng/mL) Literature 

Kappa-casein Radioimmunoassay 100 [86] 

kappa-casein Radioimmunoassay 30 [87] 

kappa-casein Optical biosensor (surface 450 [90] 
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plasmon resonance) 

Kappa-casein Nephelometric immunoassay 20 [89] 

kappa-casein Modified Fe3O4 NPs biosensor 15 This work 

 

Figure 5.14: Limit of detection of kcn-MMIPs 

 

Table 5.9: Theoretical limit of detection of kappa casein. 
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Figure 5.15: Linear regression analysis between the absorbance and concentration. 

The linear regression equation can be expressed as y (a.u) = 0.52378x + 0.20121 (r2 = 

0.9937). The limit of detection (LOD) and limit of quantitation (LOQ) were calculated using 

the equations LOD=3.3σ/s and LOQ=10 σ/s, respectively, where σ represents the standard 

deviation (SD) of y-intercepts and s the slope from the regression analysis. The detection 

limit (LOD) was 0.01453 µg/mL (14.53±0.001 ng/mL) which is comparable to 15 ng/mL as 

discussed earlier on.  The limit of quantification (LOQ) was 0.0439±0.001 µg/mL. The 

relative standard deviation (RSD) was calculated as 0.92% which was less than two percent. 

The average percent recovery was 98.60%. Thus, the modified magnetic iron oxide 

nanoparticles showed high stability and excellent reproducibility. 

5.11 GC-MS Analysis of kappa-casein. 

The derivatized kappa-casein sample of 60 ng/mL, 50 ng/mL, 40 ng/ml, and 30 ng/mL were 

analyzed by gas chromatography-mass spectrometer (GC-MS). Peaks 1, 2, 3, 4, 5, and 6 

represent alanine, glycine, valine, leucine, isoleucine, and proline respectively as indicated in 

Figure 5.17 while glycine and proline are represented by 1a and 2b as shown in Figure 5.18. 

Kappa-casein also manifested proline 1c peak in Figure 5.19 and no peak was noted after 

injecting 30 ng/mL. The blank sample did not show any peak and these results, 30 ng/mL was 

the limit of detection (LOD) based on the GC-MS analysis. 
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Figure: 5.16: Gas chromatography-mass spectrometer (GC-MS)-analysis of kcn samples 

 

Figure 5.17: GC-MS detection of 60 ng/mL analysis of kcn 

 

Figure 5.18: GC-MS detection of 50 ng/mL analysis of kcn 
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Figure 5.19: GC-MS detection of 40 ng/mL analysis of kcn 

 

 

Figure 5.20: GC-MS detection of 30 ng/mL analysis of kcn 
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Figure 5.21: GC-MS detection of the blank 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

In this present work, it has been demonstrated that functionalized iron oxide nanoparticles 

can be used to detect kappa-casein as a breast cancer biomarker. The 

Fe3O4@PAM@BA/MIPs and Fe3O4@PAM@BA/NIPs were successfully prepared, 

Fe3O4@PAM@BA/MIPs displayed good binding properties. Both synthesized nanoparticles 

were characterized by FT-IR, UV-Vis, AFM, and XRD methods. The AFM image showed 

clear small spherical nanoparticles with an overall average size of 82.7 nm with an average 

surface roughness increase from 1.7 nm to 5.3 nm.  The MNIPs result shows that the particles 

are spherical with a general increase from 40.2 to120 nm in particle size. FT-IR spectra 

analysis of Fe3O4 MNPs and functionalized Fe3O4 magnetic nanoparticles of all samples 

revealed that the peak at 558 cm-1 indicated Fe-O stretching vibration in Fe3O4 NPs. The peak 

at 1655 cm−1 indicated the features of polyacrylamide. Also, a new peak observed at 1390 

cm−1 revealed that boric acid was bonded to PAM. Peaks at 1650 cm−1 and 1100 cm−1showed 

the characteristics of kappa-casein. XRD analysis on the magnetic nanoparticles showed an 

average size of 78 nm. GC-MS results revealed the detection limit of 30 ng/mL and that of 

the present work indicated a low limit of detection of 15 ng/mL. The maximum adsorption 

capacity, mQ of Fe3O4@PAM@BA/MIPs was 0.509 mg/g and that of 

Fe3O4@PAM@BA/NIPs was 0.173 mg/g indicating that molecularly imprinted polymer 

played an important role in capturing the amount of kappa-casein. The Langmuir constant 

was calculated as 24.96 mL/mg for Fe3O4@PAM@BA/MIPs and that of 

Fe3O4@PAM@BA/NIPs was 2.57 mL/mg. The specificity and selectivity of the imprinted 

polymers were investigated by binding analysis using kcn, bovine albumin, and ova. The 

results indicated that the imprinted polymers showed good selectivity and specificity for kcn. 

This demonstrated that a new method which is low cost for detection of kappa-casein a breast 

cancer biomarker, at a detection limit of 15 ng/mL was developed. 
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6.2 Future Work. 

Having demonstrated that the modified Fe3O4 NPs biosensor for recognition of kappa-casein 

as a breast cancer biomarker, could both detect and quantify the biomarker, there is a need to 

consolidate knowledge on its performance in clinical environments. Since this has not been 

tested in a real matrix there is also a need to develop it into a real matrix and further 

formulate a system that can detect various breast cancer biomarkers. 
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Appendix B: B.1 Extraction of k-casein from MMIPs 
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Figure 1: Removal of k-casein from the NPs 

B.2 GC-MS analysis of a blank sample 
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Figure 3: GC-MS analysis of the blank sample 

B3. Calculations of the average size of the nanoparticles of MNPs, MNIPs and MMIPs 
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From the FWHM, 

𝐷 =
kλ

βcosθ
β in radian = 0.011286 from FWHM(0.64661)  

𝐷 =
0.9x1.5418

0.011286 xcos35.5
= 

(1.3876/10𝑛𝑚)

0.009188
 = 15.10 nm 
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Model Gauss

Equation

y=y0 + (A/(w*sqrt(
PI/2)))*exp(-2*((x-x
c)/w)^2)

Reduced Chi-Sqr
715.26341

Adj. R-Square -3.8797

Value Standard Error

B y0 6.77898 0.67135

B xc 35.56 45.10924

B w 0.17737 100.01285

B A -115.91423 65360.03613

B sigma 0.08869

B FWHM 0.20884

B Height -521.43061

 𝐷 =
kλ

βcosθ
β in radian = 0.003645 from FWHM(0.20884)  

𝐷 =
0.9x1.5418

0.003645xcos35.5
 = 

(1.3876/10𝑛𝑚)

0.002967
 = 46.8 nm 
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Model Gauss

Equation

y=y0 + (A/(w*sqrt(PI/
2)))*exp(-2*((x-xc)/w)
^2)

Reduced Chi-Sqr
334.72782

Adj. R-Square 0.47846

Value Standard Error

B y0 6.87216 0.81984

B xc 35.39893 --

B w 0.04664 --

B A 1.73841E6 --

B sigma 0.02332

B FWHM 0.05491

B Height 2.97418E7

 

𝐷 =
kλ

βcosθ
β in radian = 0.000958 from FWHM(0.0549)  

𝐷 =
0.9x1.5418

0.000958xcos35.5
 = 

(1.3876/10𝑛𝑚)

0.00078
 = 177.8 nm 

Average = (15.10 nm + 46.8 nm +177.8 nm)/3 = 79.9 nm =78 nm 

The average size of nanoparticles was 78 nm. 

 


