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Abstract 
Molecularly imprinted polymers (MIPs) are synthetic polymers with "structural 
memory", designed to bind target molecules with exceptional selectivity. Their unique 
properties make them valuable in medicine, chemistry, analysis, and sensing, 
particularly for recognising biomarkers which are measurable indicators of biological 
and pathological processes. This thesis explores MIPs for biomarker analysis, focusing 
on pepsin, a protein biomarker linked to gastroesophageal reflux disease (GERD). 

This thesis includes a comprehensive investigation into various MIP types, synthesis 
methods, and applications. Practical work involved developing different MIP systems 
for pepsin enzyme analysis. The first approach entailed creating magnetic MIPs using 
magnetite nanoparticles, which facilitated easy separation and enhanced binding due 
to functionalisation with amino groups. This method achieved a binding capacity of 190 
mg g-1 and an imprinting factor of 1.34 compared to non-imprinted polymers (NIPs). 
The magnetic MIPs demonstrated high selectivity in extracting pepsin from solutions 
and saliva samples. A new HPLC method was further employed for the determination 
of the extracted pepsin fragments using size exclusion chromatography technique. 

A second approach involved developing fluorescent MIPs using fluorescein and 
rhodamine B dyes to create an integrated system for both extraction and analysis of 
pepsin. Rhodamine B MIPs (RMIPs) exhibited a superior binding capacity (256 mg g-1), 
and sensitivity compared to fluorescein-dyed MIPs (FMIPs) which had a binding capacity 
of 217 mg g-1. RMIPs achieved a linear detection range from 0.28 to 42.85 µmol L-1 and 
a limit of detection (LOD) of 0.11 µmol L-1, whereas FMIPs had a range of 0.71 to 35.71 
µmol L-1 with an LOD of 0.34 µmol L-1. Both fluorescent MIPs were successfully applied 
in a separation-free system for quantifying pepsin in saliva. 

A novel fluorescent molecularly imprinted membrane (FMIM) was also developed for 
the selective binding and qualitative detection of pepsin. This membrane integrated 
fluorescent carbon dots to enable immediate visual detection. Various combinations of 
functional monomers and cross-linkers were evaluated, with the optimal performance 
achieved using N-(hydroxymethyl)acrylamide and acrylamide with N,N-
methylenebis(acrylamide) as the cross-linker. The FMIM showed a binding capacity of 
21.56 mg g-1, surpassing the fluorescent non-imprinted membrane (FNIM) at 8.49 mg g-

1. The FMIM effectively bound pepsin in both standard solutions and saliva samples, 
demonstrating its potential for optical sensing of pepsin. 

Finally, an exploration into simplifying molecular imprinting by employing dopamine as 
both a functional monomer and cross-linker was undertaken. Dopamine’s ability to 
auto-polymerise in alkaline conditions was used to create a polydopamine layer on silica 
nanoparticles or fluorescent carbon dots. While this approach faced challenges in 
optimisation, resulting in selectivity that was comparable to or slightly less than NIPs, 
the insights gained have paved the way for future improvements in the molecular 
imprinting process. 

Keywords: Molecularly imprinted polymers, Biomarkers, Pepsin, HPLC, Fluorometric 

analysis, Optical sensors, Polydopamine, Gastroesophageal Reflux Disease.  
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Chapter 1. Introduction 

Subchapter I. Molecular imprinting  

1.1. Definition and history  

Molecularly imprinted polymers (MIPs) represent a class of synthesised polymers 

designed for the selective identification of specific target molecules. The analogy of a 

"lock and key" model illustrates their functioning, where MIPs act as the lock, exhibiting 

complementarity in size, shape, and orientation of functional groups to the target 

molecule, analogous to the key (1).  

The early concept of molecular imprinting was introduced by Polyakov in 1930s (2) 

who synthesised a type of silica gel that could imprint certain dyes. In 1940s Pauling (3) 

adopted the process of formation of antibodies in the presence of certain antigens as 

templates which carries the same idea of molecular imprinting. Until the 1970's 

molecular imprinting was a slowly explored field and was applied only to inorganic 

targets, however Wulff and his group were the first to expand the use of MIPs on 

organic targets. Wulff's major work was to develop biomimetic catalysts via molecular 

imprinting technique to be used in different chemical reactions (4–6). Another notable 

contribution came from Mosbach and his group in the 1980s, introducing non-covalent 

molecular imprinting based on weaker bonds between the monomers and the target, 

such as hydrogen bonds or hydrophobic interactions (7–9).  

In consequence to the various efforts made in the field, different types of MIPs were 

developed depending on the starting materials used in their synthesis or the technique 

of synthesis itself which are explored further in detail in this section.  
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In addition, different characterisation methods can be used to identify the 

structure, shape, porosity, and functionality of MIPs, all of which are important 

parameters to determine their usefulness. However, the field faces challenges that 

necessitate exploration for potential solutions. This comprehensive review section 

delves into these aspects, exploring diverse methods and techniques employed in the 

production of MIPs, characterisation methods, applications, challenges, and solutions 

for imprinting protein targets. 

1.2. Principle of molecular imprinting 
 

An MIPs is a type of biomimetic synthetic polymer that has a structural memory for 

specific target molecule. MIPs sometimes are referred to as synthetic antibodies since 

they can resemble antibodies in their structural recognition capabilities (1). 

The synthesis of MIPs comprises four key components that come together to form 

the ultimate final structure. These components include the functional monomer, the 

cross-linker, the initiator, and the porogenic solvent. 

The crucial step in the successful synthesis of MIPs involves establishing a robust 

interaction between the target molecule and the functional monomer. This interaction 

proves valuable not only during the MIP synthesis but also during the subsequent 

rebinding of MIPs with the target molecule in various samples. Therefore, selecting a 

functional monomer with complementary functional groups to those in the target 

molecule is of utmost importance. Following the formation of the template-monomer 

adduct, the cross-linking agent serves as a binding agent, bringing the adducts together 

into a cross-linked polymeric structure, as illustrated in Figure 1.  
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Initiating polymerisation requires the addition of an initiator to start a free radical 

reaction (in most cases). Ultimately, the porogenic solvent is employed to enhance the 

porosity, thereby increasing the surface area of the resulting polymer and facilitating 

easy access to the binding sites (1). 

 

Figure 1. Schematic illustration of the process of molecular imprinting and target 

removal/rebinding. 

Molecular imprinting involves three main bond types: covalent, non-covalent, 

and semi-covalent, determined by the nature of the adduct formed between the 

functional monomer and the target molecule. In covalent imprinting, a reversible 

covalent bond is established between the monomer and the target before adding them 

to the polymerisation reaction mixture. This bond is later broken after polymerisation 

to remove the template molecules, and upon rebinding, the covalent bond is re-

established. While covalent imprinting offers high stability and allows the use of diverse 

reaction conditions, the slow formation of covalent linkages, results in extended times 

for template binding and release. Among the common covalent bonds that are used in 

this type of imprinting are Schiff base (10), acetals/ketals (11), or boronate esters (12).  

Pre-polymerisation 
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Template 



 

4 
 

On the other hand, non-covalent imprinting relies on weaker bonds like 

hydrophobic interactions, electrostatic forces, ionic bonds, and mainly hydrogen bonds. 

These adducts are formed in situ during the reaction, and template removal after 

polymerisation is facilitated by a suitable solvent. Non-covalent binding is easier to 

achieve, applicable to a broad range of targets, and allows relatively fast target binding 

and release. However, it requires careful optimisation of the reaction conditions to 

maximise interaction between the target and the monomer. Moreover, excess 

monomer usage can lead to non-specific binding sites formation, reducing the resulting 

MIPs' selectivity. The semi-covalent method is an intermediate approach, forming the 

template-monomer adduct with covalent bonds, while rebinding relies on non-covalent 

interactions. This method is less commonly used due to its challenging nature and 

optimisation process (13,14). 

1.3. Pre-polymerisation and optimisation studies  

The process of synthesis of MIPs is a rather challenging procedure, therefore the 

conditions of synthesis should be thoroughly investigated and optimised. Optimisation 

usually aims at various important goals, including: the formation of a stable template-

monomer adduct, the formation of uniform size and porous polymer particles, easy and 

complete template removal and rebinding, reducing non-specific binding, and 

maintaining the structural and conformational integrity of the target molecules 

especially the bulky ones such as proteins (15). 

Pre-polymerisation investigations involve experiments conducted before the 

polymerisation process to verify the stability of the template-monomer adduct and 

explore the impacts of different physicochemical parameters.  
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In the context of covalent imprinting, these studies aim to identify a suitable 

monomer capable of establishing a stable covalent bond with the template molecule, 

which can be conveniently broken post-polymerisation. Meanwhile, in the case of non-

covalent imprinting, weaker bonds are involved such as ionic, van der Waals and 

hydrogen bonds which are easier to achieve with various monomers and targets. In 

both imprinting scenarios, diverse testing methods are employed on the pre-

polymerisation mixture, comprising the template with the monomer and the solvent. 

These tests typically utilise spectroscopic techniques, including nuclear magnetic 

resonance (NMR), Fourier-transform infrared spectroscopy (FTIR), and ultraviolet (UV)-

spectroscopy. Spectra are acquired for the template alone and the template-monomer 

adduct after reaching equilibrium. A comparative analysis of these spectra often reveals 

significant differences, providing valuable insights into the formation of bonds, their 

nature, and stability. A notable instance of applying UV-spectroscopy is exemplified by 

S. Scorrano et al., who investigated the interaction between their template amino acid, 

Fmoc-3-nitrotyrosine, and five different monomers (16). The spectra obtained from 

titrating Fmoc-3-nitrotyrosine in acetonitrile solutions of the monomers exhibited a 

stronger bond with the template, as evidenced by a hypochromic shift from the original 

spectrum of the template alone. Consequently, 4-vinylpyridine was selected in this 

study due to its robust interaction (16). 

A more in-depth pre-polymerisation study is to compare different molar ratios of 

the template to the monomer in order to determine the most stable ratio. Using 

spectroscopic applications such as Job's method, binding isotherm and titration curves 

can reveal the nature of interaction, association constant (Ka) and coordination number 

of the complex (17). 
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The optimisation process in the synthesis of MIPs encompasses the systematic 

alteration of factors such as the type and the concentration of the functional 

monomer(s), cross-linker(s), initiator, and porogenic solvent, constituting classical 

optimisation. The efficiency of this optimisation is estimated through batch rebinding 

experiments, wherein the interaction between the template and the produced 

polymers serves as a metric for determining the optimum conditions. Theoretical 

chemical principles play an important role in this optimisation, providing insights into 

the nature of bonds and the mechanisms involved in the polymerisation reaction. 

Furthermore, some studies have introduced innovative approaches, including the 

utilisation of software techniques like artificial neural networks (18). These advanced 

methods aim to streamline the optimisation process by minimising the number of 

experiments required while enhancing precision and accuracy in achieving optimal 

synthesis conditions (18).  

To elaborate on classical optimisation, the role of each element in polymerisation 

and the importance of optimisation must be explained regarding the type and the 

concentration. 

1.3.1. The functional monomer 

The selection of an appropriate monomer is primarily dependent on the nature of 

the template. The monomer should exhibit functional groups that are complementary 

to those present in the template molecule. In instances of covalent imprinting, 

derivatives of acrylic acid or methacrylic acid, such as amides or esters, are frequently 

employed. These derivatives facilitate the binding of templates to the vinyl moieties of 

the monomer.  
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Conversely, in non-covalent imprinting, the use of vinyl monomers is viable, 

provided they incorporate functional groups capable of engaging in hydrogen bonding 

with the template.  Methacrylic acid (MAA) stands out as a widely favoured monomer 

due to its dual characteristics as both a hydrogen bond donor and acceptor, rendering 

it a versatile and popular choice. Additionally, other commonly utilised monomers 

include acrylic acid (AA), acrylamide (Am), and vinyl-pyridines (2-VP and 4-VP), each 

known for their ability to interact with a diverse array of templates. This diversity in 

monomer selection allows for tailored interactions with a wide variety of template 

molecules, enhancing the versatility of the molecular imprinting process (15). 

Structures of these monomers are illustrated in Figure 2. 

N-isopropylacrylamide (NIPAm) (Figure 2) is a special type of functional monomer 

which has the advantage of thermo-sensitivity. Poly(NIPAm) polymers and hydrogels 

undergo a volume phase transition at lower critical temperature (~32°C). Therefore, 

polymers made using NIPAm possess reversible thermal transition response which is 

useful to control the capture and the release of the template (19). M. Fang et al. 

prepared fluorescent MIPs using NIPAm, and from their work it was found that the 

MIPs’ binding capacity was significantly higher at 44°C compared to 28°C. The MIPs 

presented hydrophilic and swelling state at 44 °C which enabled easy access of the 

target molecules to the imprinted cavities (20). Nonetheless, polymer chains prepared 

with NIPAm fold randomly during the transition from an extended coil structure to a 

collapsed globule structure. Therefore, the conformation of the newly formed globules 

might differ from the original one, which in turn can affect the structural selectivity of 

the MIPs (21).  
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Figure 2. Chemical structures of common functional monomers. 

Functional monomers can also be tailor-made to the studied template in order to 

achieve better binding.  These monomers have a specific functionality to be used in 

MIPs. For example, W. Xu et al. reported synthesis of an imidazolium-based ionic liquid 

with vinyl groups that could provide multiple interactions with the template molecules 

and increase selectivity (22). 

Deep eutectic solvents (DES) are a type of ionic liquid formed by the combination 

of a hydrogen bond donor, such as an ammonium or phosphonium salt, and a hydrogen 

bond acceptor, typically a metal chloride or other halide salt (23). Unlike traditional 

ionic liquids, which are composed of organic cations and large, asymmetric anions, DES 

consist of smaller, more symmetric ions. The resulting mixture exhibits a eutectic point, 

which is a temperature at which the mixture becomes a liquid with a lower melting 

point than the individual components. DES were first described by Abbot et al. (24), 

they resemble ionic liquids in some characteristics such as low melting point, high 

conductivity, electrochemical stability and excellent solubility for many substances.  
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However, DES surpass ionic liquids by offering the advantages of ease of 

preparation, low cost, biodegradability and low toxicity which make them ecofriendly 

(23). Recently, MIPs exploiting DES as functional monomers and/or cross-linkers were 

reported which had a significant positive impact on the selectivity, the affinity and the 

greenness of the resulting MIPs (25–28). 

Balancing the concentration of the monomer is as crucial as selecting its type. The 

interaction between the monomer and the template follows an equilibrium. As a result, 

it preferable to introduce an excess of the functional monomer to encourage complex 

formation. Conducting pre-polymerisation studies aids in determining the most 

favourable template to monomer ratio, which can be further confirmed by assessing 

the binding capacity of the resultant MIPs. It is essential to note, however, that an 

excessive amount of monomer leads to the creation of multiple heterogeneous binding 

sites, diminishing selectivity. Hence, achieving the optimal molar ratio becomes 

essential, and this ratio varies depending on the nature of the template, making it 

challenging to provide a universal recommendation (29). 

1.3.2.The cross-linker  

The cross-linking agent plays a key role in creating the densely cross-linked 

structure encasing the template-monomer adduct. Utilising diverse cross-linkers can 

yield varying configurations of binding sites and different orientations of functional 

groups for binding. The cross-linker serves as the foundation for the structural stability, 

enabling MIPs to retain their structural memory of the template even after its removal 

(30). 
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Despite the simple role of the cross-linker, its optimal type and concentration 

require careful consideration. Initially, the chosen cross-linker must exhibit similar 

reactivity to the functional monomer, ensuring a balanced polymerisation process with 

a uniform distribution of functional residues. Moreover, the concentration of the cross-

linker plays a critical role; if too low, it compromises the mechanical stability of the 

resulting polymers, leading to closely spaced binding sites that hinder efficient binding. 

Conversely, an excessive concentration of the cross-linker diminishes the number of 

binding sites per unit mass of MIPs. This can potentially disrupt the selectivity due to 

unintended non-covalent interactions between the cross-linker, template, or 

monomer. Achieving an optimal balance is essential to ensuring both mechanical 

stability and selective binding efficiency in the resulting MIPs (30). 

Common cross-linkers employed in MIPs’ synthesis are N,N'-

methylenebisacrylamide (MBA), ethylene glycol dimethacrylate (EGDMA), and 

divinylbenzene (DVB) structures of which are illustrated in Figure 3.  

 

Figure 3. Chemical structures of common cross-linkers. 
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Cross-linkers may also be synthesised according to the required functional needs. 

R. Xu et al. (21) reported the synthesis of a new peptide cross-linker that exhibits a pH 

dependent helix-coil transition properties. Changing pH from 5.5 to 7.4 led to the 

expansion of the imprinted cavities and easy template removal, restoring pH to 5.5 

returned the imprinted cavities to their original shape and size due to the precise 

peptide folding. 

Another approach was introduced by Y. Sun et al. (31) where dopamine was utilised 

as both functional monomer and a cross-linker for synthesis of MIPs for detection of 

bovine serum albumin. The idea is based on the self-polymerisation of dopamine in 

weak alkaline medium (pH 8.5). In the presence of template protein in a weak alkaline 

medium, dopamine polymerises around the template creating cavities with high 

recognition without the need for a cross-linking agent (31).   

1.3.3.The Initiator  

Various polymerisation reactions, including cationic, anionic, and free radical 

methods, can be employed in the synthesis of MIPs. Among these, free radical 

polymerisation stands out as the most widely adopted due to its experimental 

simplicity and versatile applications. Azo-initiators such as 2,2'-azobis(isobutyronitrile) 

(AIBN) and 2,2'-azobis(2,4-dimethylvaleronitrile) (ADVN) are commonly utilised in free 

radical polymerisation processes (depicted in Figure 4). Typically, the reaction is 

thermally initiated at temperatures ranging from 50 to 70 °C. However, it's important 

to note that this temperature range can pose risks to the stability of the template-

monomer adduct or to the template itself, especially when dealing with delicate 

structures like proteins.  
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In such cases, photochemical initiation using UV light can be a safer alternative (13). 

Some oxidising agents have been applied as initiators in different works, mostly a 

mixture of strong oxidising agent and an accelerator such as potassium persulfate and 

sodium bisulfite mixture (32) or ammonium persulfate (APS) and N,N,N′,N′-tetramethyl 

ethylenediamine (TEMED) mixture (33,34). In all cases, dissolved oxygen in the reaction 

mixture must be removed prior to polymerisation simply by purging inert gas such as 

nitrogen or helium in the reaction mixture. 

 

Figure 4. Chemical structures of common azo initiators. 

1.3.4. The porogenic solvent 

The prime roles of porogenic solvents are to solubilise all the starting materials of 

the reaction and act as a pore forming agent in the resulting MIPs. Solvent molecules 

are trapped in the polymer matrix and are removed after drying which leaves behind 

pores, and these pores are beneficial for easy access of the template to the binding 

sites. The polarity of the solvent is an important influential factor especially in non-

covalent imprinting. Solvents should promote the formation of bonds between the 

template and the monomer; therefore, it is advisable to use non-polar aprotic solvents. 

Chloroform, acetonitrile, tetrahydrofuran and toluene are common porogenic solvents 

used for successful non-covalent imprinting. Water is a poor choice of solvent in non-

covalent imprinting since it can disrupt the hydrogen bonds between the template and 

the monomer.  
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Nonetheless, numerous templates, particularly those of biological significance, 

exhibit solubility exclusively in water, posing a challenge for the non-covalent 

imprinting of such templates (35).   

1.3.5.The template 

The selection of a template is guided by its biological or chemical significance; 

however, a thorough examination of its chemical structure is required. It is crucial to 

verify the presence of accessible functional groups in the template capable of 

interacting with the functional monomer. However, these functional groups must not 

impede or interfere with the polymerisation reaction. Additionally, investigating the 

chemical stability of the template under the applied reaction conditions, including pH, 

temperature and other parameters, is essential to ensure the preservation of its 

structural integrity throughout the polymerisation process (36). Proteins specifically 

introduce the greatest challenge as templates due to their bulky structure, their 

insolubility in non-polar solvents and their sensitivity to different pHs and 

temperatures. Yet due to their high biological and medical significance, proteins have 

been applied as templates in many recent research articles despite the posed 

challenges (37–41). 

1.4. Techniques of molecular imprinting 
 

Over the course of their evolution, methodologies for synthesising MIPs have 

undergone significant advancements. Initially, bulk molecular imprinting emerged as 

the pioneering technique for MIPs. Nevertheless, given the numerous challenges 

associated with bulk imprinting, diverse alternative techniques have emerged, each 

possessing distinct advantages and applications.  
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It is noteworthy that across various molecular imprinting approaches, non-

imprinted polymers (NIPs) are simultaneously synthesised in the absence of the 

template molecules. This parallel synthesis of NIPs serves the purpose of facilitating 

comparisons and eliminating potential errors in the evaluation of MIPs. 

1.4.1.Bulk polymerisation 
 

Bulk polymerisation represents the most straightforward and quickest approach 

to molecular imprinting. Herein, the template molecules are introduced into the 

reaction vessel alongside the monomer, cross-linker, initiator, and an appropriate 

solvent to initiate a free radical polymerisation. In this process, the template molecules 

are imprinted intact within the three-dimensional matrix of the polymer. These three-

dimensional imprinted cavities afford high selectivity and easily accessible binding sites 

for the template. Following polymerisation, the resultant product is subjected to 

grinding and sieving to obtain fine particles. Ultimately, the imprinted template 

molecules are removed through the use of a suitable solvent (42). 

Bulk imprinting is preferred for small template molecules, since they can be 

easily bound and released from the binding sites in a reversible and reproducible way. 

Moreover, bulk imprinting can also be beneficial for large molecules such as proteins 

since they are imprinted as whole molecules, which in turn increases recognition. 

However, drawbacks are inevitable in this type of imprinting especially with large 

molecules. First of all, the use of grinding results in irregular size distribution of the 

produced polymer particles which reduces their applicability especially for 

chromatographic purposes. Furthermore, grinding causes mechanical disintegration of 
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the intact particles which in turn produces heterogeneous binding sites and reduces 

sensitivity dramatically. 

Second, the larger the template molecules, the more time they take to be 

released or bound to the binding sites, which makes the binding of proteins, 

microorganisms, and DNA highly time consuming. Third, during protein imprinting, 

problems such as maintaining conformational stability cannot be ignored. Finally, the 

large imprinted cavities can also attract smaller polypeptides in the sample resulting in 

cross-reactivity and reduced selectivity (43,44). Yet with the many drawbacks of bulk 

imprinting, it is still applied until today for imprinting of drugs (45,46), natural products 

(47,48), and proteins (49).  

1.4.2. Suspension polymerisation 

In this polymerisation technique, the polymerisation mixture undergoes 

mechanical agitation or ultrasonic treatment to form small droplets within a dispersion 

medium. Typically, water serves as the dispersion medium, but its usage is less 

favourable due to its disruptive impact on hydrogen bonds within the template-

monomer adduct. Alternatively, mineral oils or perfluorocarbon liquids prove more 

advantageous. The outcome of suspension polymerisation generally yields spherical 

polymer beads of considerable size, ranging from micrometres to millimetres, making 

it particularly advantageous for large-scale MIP synthesis. However, a notable drawback 

lies in the potential interference of the dispersion medium with the recognition of the 

target molecules (43). By carefully selecting suitable dispersion media, suspension 

polymerisation becomes a versatile approach applicable to a broad spectrum of drugs, 

chemicals, and pollutants (50,51). 
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1.4.3. Emulsion polymerisation 

Emulsion polymerisation involves the use of surfactants or cyclodextrins to form 

a water in oil or oil in water emulsion of the polymerisation mixture. Therefore, the 

monomer, cross-linker and initiator are dissolved in one phase mostly the organic one, 

and the template with a surfactant are dissolved in the opposite phase. The two 

solutions are then shaken vigorously. The formed emulsion results in fine mono 

dispersed polymer particles with very small particles size from tens to hundreds of 

nanometres. After polymerisation, organic solvent such as acetone is added to de-

emulsify the mixture and template removal is carried out using a suitable solvent (44).  

The obvious downside of this method is the use of water and surfactants since 

they can potentially disrupt the bonds between the template and the monomer. 

Moreover, surfactants may isolate the template in their interior core preventing it from 

being imprinted at all. Nonetheless, emulsion polymerisation is a popular technique 

that is still applied up to date for many templates (52–55). 

1.4.4. Precipitation polymerisation 

Precipitation polymerisation, while sharing similarities with bulk 

polymerisation, outperforms it in certain aspects. This polymerisation method is 

performed with a high concentration of the template and a large volume of the solvent. 

Consequently, monomer polymerisation takes place in a dilute solution, commencing 

with the growth of nanogel seed particles that progressively trap larger oligomers. As 

these polymer particles exceed a specific size threshold, they precipitate from the 
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solution. This process yields spherical particles with a consistently uniform size, typically 

less than one micrometre in diameter.  

A notable drawback lies in the extensive use of solvent, diminishing the 

method's environmental sustainability, especially when organic solvents are employed. 

Additionally, the use of a higher concentration of template may prove uneconomical 

for rare and expensive templates (43,56). 

Several factors demand careful consideration and optimisation during 

precipitation polymerisation to regulate the particle size, including the solvent's 

polarity, stirring speed, monomer’s concentration, and reaction temperature. So far, 

precipitation polymerisation has been effective in imprinting many templates from 

small molecules (57–59) to large proteins (32). Moreover, due to the spherical shape 

and uniform size of the resulting MIPs, they are useful as potential stationary phase for 

chromatographic applications (60). 

1.4.5. Multi-step swelling (seed) polymerisation 
 

Multi-step swelling polymerisation is a complicated and time-consuming 

approach used to prepare uniform and spherical MIPs. Polymerisation takes place in 

gradual steps starting by the use of small polymeric seeds e.g.: polystyrene. Particle 

swelling grows in each step until MIPs of uniform size are obtained. Despite the 

prolonged procedure and the need to extensively optimise each step of polymerisation, 

multi-step polymerisation has few applications with different templates (61,62). 
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1.4.6. Surface imprinting 
 

Due to the numerous limitations associated with the bulk imprinting technique, 

a more recent approach known as surface imprinting emerged in the 2000s. In surface 

imprinting, the binding sites of MIPs are created on the surface of a solid substrate or 

around nano/micro-sized solid particles. This technique offers a significant advantage 

that the binding sites are readily accessible since target molecules do not need to 

traverse the intricate structure of MIP particles formed by bulk imprinting. 

Consequently, the binding of the target is not diffusion-limited, facilitating rapid binding 

and release. As a result, surface imprinting has gained popularity, particularly for 

imprinting large molecules and proteins. However, this technique has its drawbacks, 

including a smaller number of available binding sites per unit area, which may reduce 

sensitivity. Additionally, the synthesis process is often time-consuming and involves 

multiple steps (63,64). 

• Soft lithography  

Soft lithography is probably among the first surface imprinting techniques to be 

applied for the synthesis of MIPs. In 1989, Bain and Whitesides (65) were the pioneers 

to introduce the chemistry and the physical procedure for surface imprinting on solid 

substrates. Later, this approach was adopted for surface imprinting of target molecules 

to produce MIPs films. In soft lithography, nano/micro scaled patterned MIPs films are 

formed on solid substrates using soft polymeric stamps. The procedure is quite simple; 

the pre-polymerisation mixture is spotted on the surface of a solid substrate usually a 

glass slide. The solution is then pressed between the glass slide and soft 

poly(dimethylsiloxane) mould.  
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Suitable pressure is applied, and reaction is initiated via UV light, as a result thin 

patterned polymeric films are designed and then dried. After the elimination of the 

template by suitable solvent, thin layered MIPs films with highly accessible and 

complementary binding sites are acquired. Moreover, the presence of the stamped 

patterned network on the MIPs film increases the exposed surface area and hence 

increases the binding capacity (66,67). 

• Core-shell surface imprinting (grafting) 

In this type of surface imprinting, MIPs are constructed around nano/micro sized 

solid particles. In contrast to soft lithography, MIPs are formed on the surface of many 

small particles instead of a planar solid surface which significantly increases the exposed 

surface area. Moreover, the use of solid particles enables accurate control of the MIPs 

particle size, morphology, and surface area (64). Figure 5 illustrates a representation 

for the core shell imprinting procedure on nanoparticles (NPs). 

 

Figure 5. Schematic illustration of the process of core shell imprinting on the surface of 

nanoparticles. 
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Silica NPs are very common and widely used particles in the core shell imprinting. 

Due to their inertness, mechanical and chemical stability, and biocompatibility they 

have been useful substrates for MIPs proposed for sensitive biological applications. In 

addition, silica NPs possess many hydroxyl groups which enables easy polymerisation 

on their surface. Nevertheless, silica NPs can still be functionalised with vinyl, amino or 

cyanate groups to ensure better assembly of polymerisation mixture on its surface (68–

70).  

Other alternatives for core particles are introduced in some papers which include; 

metal organic frameworks (71), titanium dioxide NPs (72), attapulgite resin (73), and 

polystyrene beads (74). 

A very attractive approach for core shell imprinting is the use of magnetite (Fe3O4) 

NPs as core particles. The use of functionalised magnetite particles in the core structure 

of MIPs imparts a magnetic quality which can be very beneficial to separate MIPs from 

complex matrices by simply using a magnet. Recently, this approach has been 

extensively applied to MIPs in different fields, a search on magnetic MIPs on the MIP 

database (75) gave almost 1000+ hits. This indicates a high volume of papers concerned 

with the application of this magnetic quality in different fields of analysis and extraction 

(64). Magnetic MIPs have their widest applications in the field of sample preparation 

and solid phase extraction (SPE). Their magnetic quality enables their use as stationary 

phase for chromatographic separations followed by their easy isolation using a magnet 

(76). 
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Another equally attractive approach for core shell imprinting is the incorporation of 

fluorescent NPs in the core of MIPs. Fluorescent quantum dots (QDs) impart fluorescent 

characteristics to MIPs that can be easily measured. In the event of target binding 

usually a noticeable quenching of fluorescence occurs which is detected and used to 

quantify the concentration of target. Recently, carbon dots (CDs) have been used as an 

eco-friendlier, less toxic, and more biocompatible option for the fluorescent MIPs 

(20,77–81). In addition, some metal organic frameworks prepared from lanthanide 

metals can also be used as a fluorescent core due to their natural fluorescent and less 

toxic properties (82–84). A search on the MIP database (75) for fluorescent MIPs gave 

about 290 hits which points out to the extensive use of fluorescent MIPs in recent 

research articles especially in the field of optical sensors (85). 

Fluorescent core shell MIPs should not be confused with fluorescent bulk imprinted 

MIPs. The latter type utilises fluorescent co-monomers or fluorescent dyes such as 

fluorescein to impart the fluorescent quality. Therefore, the fluorescent element is part 

of the polymeric material itself and not incorporated in its core (86). In this type of MIPs, 

an increase in fluorescence intensity might be noticed in some cases upon binding to 

the target which is more analytically favourable than the quenching effect (87). 

Some approaches combine both fluorescent and magnetic qualities in the structure 

of the developed MIPs. By incorporating both QDs or CDs and magnetite in the core of 

MIPs, they could acquire both characteristics for better extraction and detection of the 

target molecules (88,89). 
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• Surface imprinting after template immobilisation 

Template immobilisation is considered a technique of surface imprinting in which 

the template molecules are immobilised to a solid support by chemical bonds. 

Therefore, after polymerisation, the solid support can be removed along with the 

immobilised template molecules leaving complementary binding sites on the MIPs 

surface. Thus, the immobilisation of template molecules gives some major advantages; 

first, the immobilisation of the template ensures that the binding sites are all on the 

surface and well oriented for rebinding of target. Second, this technique is useful for 

insoluble templates since they do not need to be incorporated in the solvent. Finally, 

the immobilisation of the template via chemical bonds enables complete and easy 

template removal after polymerisation without the need for excessive washing cycles 

(90,91). 

Micro-contact imprinting is a procedure of template immobilisation that was 

introduced in 2005 that is quite simple and effective (92). Micro-contact imprinting 

depends on the immobilisation of target molecules on a glass cover slip via covalent 

bonds. The cover slip is then exposed to the functional monomer to form the pre-

polymerisation mixture as in to orient the functional groups of the monomer towards 

the template molecules in a site-specific manner and create a strong template-

monomer adduct. The cross-linker and initiator are dissolved in the porogenic solvent 

and spotted as a small drop on a glass slide. The imprinting process then starts by 

bringing the cover slip in contact with the glass slide and exposing them to UV radiation. 

After polymerisation, the cover slip is removed and unreacted monomers along with 

any template molecules that could have leaked into the surface are washed away.  
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Micro-contact imprinting provides an easy way for rapid and simultaneous 

polymerisation of many templates simultaneously. In addition, it is a very useful 

technique for expensive samples that are only available in scarce amounts since the 

procedure requires minimal amount of template molecules. Due to the previously 

mentioned advantages, micro-contact imprinting has been successfully applied to 

imprint different number of target molecules especially proteins (93–95). 

Solid phase imprinting of MIPs is a very innovative and promising technique that 

relies on template immobilisation as well (96). In this imprinting method, the template 

is immobilised via covalent bonds on the surface of functionalised activated glass beads. 

The glass beads bearing the template are then brought in contact with the pre-

polymerisation mixture to initiate the reaction. The polymerisation conditions are set 

to produce nano sized MIPs instead of films; conditions such as high dilution and short 

polymerisation times are favourable to produce nanoparticles. After polymerisation, 

the solid support plays another important role which is acting as an affinity medium 

(somehow like chromatographic stationary phase). The immobilisation of template on 

the solid support allows for the removal of unreacted monomers, and low affinity 

polymer particles from the high affinity nanoMIPs. This is achieved by washing the glass 

beads under specific conditions in which the nanoMIPs remain attached while the other 

unreacted components elute from the system. After successful washing, detachment 

of nanoMIPs from the glass beads is carried out by washing under different set of 

conditions (usually higher temperature and different solvent) after which nanoMIPs are 

eluted with complementary binding sites and complete template removal (97). Figure 

6 shows the process of solid phase imprinting and separation of nanoMIPs.  
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Although the yield from this imprinting method is usually small, their binding affinity is 

much higher than MIPs produced using other imprinting methods. In addition, yield can 

be increased by carrying out several cycles of synthesis using the same system which 

can be turned into an automated procedure. Solid phase imprinting has its biggest share 

of applications in the field of protein imprinting and sensor applications (41,98–100). 

 

Figure 6. Schematic illustration of solid phase synthesis of nanoMIPs.  

1.4.7. Controlled/living radical polymerisation  

During the traditional free radical polymerisation, the high concentration of 

generated radicals leads to rapid chain propagation, resulting in uncontrollable 

premature chain termination. This phenomenon causes the production of polymer 

chains with varying lengths, contributing to the broad size distribution observed in MIPs 

produced using the free radical mechanism. Additionally, if the monomer exhibits 

different radical reactivity than the cross-linker, it will introduce variations in the 

distribution and the orientation of functional groups in MIPs.  
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To address these challenges, the controlled/living radical polymerisation (CRP) 

technique has been introduced in molecular imprinting. CRP relies on the use of 

temporary radical capping agents (dormant species) to protect radicals from premature 

termination. The employment of capping agents allows propagation chains to grow at 

the same rate and simultaneously until termination. This results in polymer chains with 

nearly uniform sizes and a very narrow size distribution range. Another advantage of 

CRP is the introduction of living functional groups to the polymer chain end, enabling 

further modification of the MIPs structure to reduce possible non-specific binding (101–

103). 

Various CRP chemistries, such as atom transfer radical precipitation 

polymerisation (104), reversible addition-fragmentation chain transfer (RAFT) (105), 

and nitroxide-mediated polymerisation (106), have been successfully applied to 

produce MIPs with small sizes and narrow size distributions. Among these, RAFT is 

considered the most versatile and suitable technique due to its applicability to a wide 

range of monomers, moderate reaction conditions, and easy control of the polymer 

structure through post-imprinting functionalisation (107). Despite these advantages, 

CRP techniques are less utilised compared to free radical polymerisation, mainly due to 

the requirement of expensive reagents and the relatively slow and time-consuming 

nature of the reactions. 
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1.4.1. Electro-polymerisation 
 

Electro-polymerisation is a special class of molecular imprinting in which 

polymerisation occurs on the surface of a conducting electrode such as gold, platinum, 

glassy carbon electrode and others. A solution containing the target and suitable 

functional monomer(s) is subjected to electrochemical energy that initiates the 

polymerisation. As a result, a thin film of MIPs is formed on the surface of the electrode. 

Therefore, after the removal of template, this film contains gaps or cavities that are 

complementary to the analyte. Subsequently, upon rebinding to the target analyte in a 

sample, a signal is generated by the electrode, which is measured by a suitable 

electrochemical analytical device.  

Pyrrole, scopoletin and o-phenylenediamine are among the most common 

functional monomers employed in electro-polymerisation due to their ease of 

polymerisation at low potential and their ability to form chemical bonds with a variety 

of targets. The choice of monomer usually depends on the planned electrochemical 

analytical method; pyrrole is most commonly used for direct voltametric assays 

(potentiometry, square wave voltammetry, cyclic voltammetry (CV), etc.). However, 

less conductive monomers, such as o-phenylenediamine are more commonly used in 

electrochemical impedance spectroscopy (EIS) assays (108). 

Electro-polymerisation offers a group of advantages that makes it a very appealing 

technique, especially in the field of sensors. Compared to traditional bulk 

polymerisation, electro-polymerisation is much faster and easier. Moreover, it can be 

carried out in situ on the surface of the working electrode while the whole process is 

monitored on a computer screen.  



 

27 
 

In addition, the thickness of the produced film is manageable by variation of the 

applied charge, which makes the method more reproducible and reliable. Nonetheless, 

electro-polymerisation also suffers from some of the same drawbacks encountered by 

other types of polymerisations. Non-specific binding and incomplete template removal 

are two commonly encountered problems with electro-polymerisation, which require 

lengthy optimisation procedures to overcome and control. However, by overcoming 

these setbacks, electro-polymerisation is a very promising technique whose sensitivity 

can reach the picomolar levels with ease (109–111). 

1.5. Characterisation of MIPs 

1.5.1. Physical characterisation (morphological)  

Physical characterisation provides valuable information about the morphology 

of the resulting MIPs as well as their size distribution, geometry and porosity. The size 

of MIPs is a crucial parameter, since the smaller the particle size the more surface area 

available for binding of target. Moreover, as mentioned before, different 

polymerisation techniques result in different particle sizes, therefore morphological 

testing can verify the anticipated particle characteristics using a particular 

polymerisation technique. It is also essential to identify the shape of the produced MIPs, 

especially if they are intended for chromatographic applications (112). Electron 

microscopy is a very popular technique to determine the shape, geometry and size of 

MIPs. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

are usually used to visualise the resulting MIPs and NIPs and to verify the surface 

imprinting on the surface of different nanoparticles (112,113).  
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Other particle size analysing methods include laser diffraction and dynamic light 

scattering. These techniques give more in-depth data such as mean size, mean surface 

area and size distribution. However, these methods are less popular than electron 

microscopy, since the later gives a visual approach to the shape of MIPs. In addition, it 

can reveal if aggregates of particles are formed, which can be misinterpreted as large 

particles while using laser diffraction (113). 

To estimate MIPs porosity, two characterisation methods can be used: nitrogen 

gas adsorption and mercury intrusion porosimetry. These methods provide the ratio 

between the volume of pores to the total volume of polymer particles which can be 

used to investigate the volume and surface area of MIPs pores (113). Some studies 

utilising nitrogen adsorption have revealed that MIPs exhibit larger pore volumes than 

NIPs, affirming the role of the template in enhancing the surface area and porosity of 

MIPs (114). 

1.5.2. Chemical characterisation  
 

Fourier-Transform Infrared spectroscopy (FT-IR) is renowned for its efficacy in 

MIP characterisation. FT-IR serves as a practical method for analysing functional groups 

and ensuring the thorough polymerisation of MIPs. Through comparing spectra from 

initial monomers and templates to those obtained from MIPs, researchers can discern 

the absence of functional groups crucial to polymerisation, such as vinyl groups (C=C 

stretching), in the MIP spectra. In addition, it can be a useful tool to ensure complete 

functionalisation of magnetite or silica or other NPs intended for core shell imprinting 

(115). 
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UV-Vis spectroscopy proves influential in confirming the complete washing of 

MIPs, via analysing washing solution batches for the presence of the template. 

Additionally, it serves as the primary method in rebinding experiments, facilitating the 

detection and quantification of template or competitor molecules in supernatant 

solutions following rebinding (116). 

X-ray diffraction (XRD) is a powerful analytical tool widely employed for the 

characterisation of MIPs. This method involves exposing a material to X-rays, and the 

resulting diffraction pattern provides insights into the crystallographic structure and 

arrangement of atoms within the material. In the context of MIPs, XRD is valuable for 

elucidating the structural characteristics of the polymer matrix. It can reveal 

information about the crystallinity, phase composition, and overall molecular 

arrangement of the imprinted polymers. The diffraction patterns obtained from XRD 

analyses contribute to understanding how the template molecules influence the 

polymer's internal structure. This technique plays a crucial role in advancing the 

knowledge of MIPs' morphology and can guide the optimisation of their synthesis for 

enhanced molecular recognition applications (117). 

Nuclear Magnetic Resonance (NMR) is a spectroscopic technique also employed 

for chemical characterisation. Both solid-state and solution NMR play useful roles, 

particularly in pre-polymerisation studies. NMR facilitates an in-depth examination of 

the imprinting mechanism and the identification of bonds formed between the 

monomer and the template (118).  
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1.5.3. Thermal characterisation   
 

Various thermal analytical techniques, such as thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC), have found widespread application in 

numerous research endeavours focused on MIPs. TGA, a method monitoring mass loss 

at varying temperatures, proves advantageous for identifying the content of residual 

solvent, detection of unreacted monomers and cross-linkers, and determination of 

moisture content. Furthermore, TGA offers valuable insights into the thermal stability 

of MIPs, outlining the temperature range where they exhibit optimal stability (118–

120). On a parallel note, DSC involves subjecting materials to multiple cycles of heating 

and cooling, providing information about polymer crystallinity. Data from DSC also 

complements the data from TGA to give a complete picture about the melting 

behaviour and the thermal stability of the resulting MIPs. Thermal analysis becomes 

particularly relevant when considering applications like the immobilisation or 

deposition of MIPs on solid supports, as observed in the development of sensors or 

biosensors (113). 

1.5.4. Functional characterisation 
 

Functional characterisation, or alternatively referred to as binding studies, 

encompasses a series of experiments designed to explore the binding properties of the 

synthesised MIPs. These tests are conducted to quantify the binding affinity to the 

target using specific mathematical formulations. Additionally, evaluations extend to the 

binding interactions with competitive analytes, akin in structure to the target or 

coexisting within the same matrix.  
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Analytical techniques such as UV-Vis spectrometry or liquid  chromatography 

are employed to monitor and analyse the results of these binding experiments (116).  

1.5.4.1. Binding capacity  

In order to estimate the binding capacity, a rebinding experiment is carried out. In 

this experiment, a certain weight of MIPs or NIPs is incubated with a specific volume of 

the target solution for a certain period of time until equilibrium is reached. Analytical 

methods such as UV spectrometry is used to determine the remaining concentration of 

the target in the solution after binding. The following equation is used to calculate the 

binding capacity for both MIPs and NIPs: 

𝑄 =
𝐶𝑖−𝐶𝑡

𝑚
 . 𝑉                                                             (eq.1) 

where, Q is the binding capacity in mg g-1, where, Ci (mg mL-1) is the initial 

concentration of the target, Ct (mg mL-1) is the remaining concentration of the target 

after incubation time (t), V (mL) is the volume of solution, and m (g) is the mass of the 

polymers used in the experiment. It should be noted that V and m should be the same 

in both experiments for MIPs and NIPs.  

The higher the value of Q, the greater the binding capacity. However, the value of 

Q for MIPs is expected to be higher than that of NIPs, due to the selectivity of MIPs for 

the target compared to the nonspecific binding of NIPs.  

1.5.4.2. Binding selectivity 

MIPs tend to have different non-specific binding sites (due to reasons that will be 

discussed further). Therefore, it is essential to estimate the selectivity of the developed 

MIPs to the target analyte to ensure that non-specific binding is not a problem.  
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One method to study binding selectivity is to compare the binding of MIPs against 

the binding of their respective NIPs. This comparison confirms the presence of specific 

binding sites in MIPs for the target that are absent in NIPs. Imprinting factor (IF) is a 

calculated parameter that is defined as the ratio between the binding capacity (Q) of 

MIPs to that of NIPs for a particular analyte under a specified set of conditions.  

                                                           𝐼𝐹 =
𝑄𝑀𝐼𝑃𝑠 

𝑄𝑁𝐼𝑃𝑠
                                                            (eq.2) 

From equation 2, the IF value should be higher than 1. The higher the value of 

IF, the greater the difference between MIPs and NIPs, which in turn proves the presence 

of selective binding sites in MIPs. 

However, comparison to NIPs may not be the best way to ensure the selectivity 

of MIPs. This can be attributed to two main reasons. Firstly, the structure of NIPs tends 

to be more compact due to the absence of template during polymerisation, therefore 

the number of available free binding functional groups is by nature less than MIPs. 

Secondly, a published study has shown that during optimisation of MIPs’ synthesis, the 

optimum composition of MIPs that has the highest binding capacity corresponds to NIPs 

that bind the target strongly as well (121). 

A better way to estimate selectivity is to compare binding of MIPs to the target 

to binding with a competitive analyte under identical experimental conditions. Herein, 

a factor called selectivity factor (α) is computed for every competitor analyte tested in 

the binding experiments using the following equation. 

                                                𝛼 =
𝑄𝑀𝐼𝑃.𝑡𝑎𝑟𝑔𝑒𝑡

𝑄𝑀𝐼𝑃.𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑜𝑟
                                                           (eq. 3) 
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The selectivity factor (α) should have a value higher than 1; the high values of α for 

different tested competitors are numerical proofs of selectivity of MIPs. 

1.5.4.3. Binding kinetics and isotherm 

When discussing binding kinetics, it is important to note that binding/release of 

target to MIPs is a diffusion limited process. In other words, molecules of the target 

need to undergo mass transfer from solution phase to solid phase of MIPs. This can be 

a slow process, since molecules need to cross the porous solid polymeric network to 

access the binding sites. In the case of surface imprinting, binding is usually faster, since 

the binding sites are located on the surface and readily accessible (122). 

The best way to calculate the binding kinetics is to carry out a batch rebinding assay 

for both MIPs and NIPs. A batch rebinding experiment is conducted by incubating the 

exact same mass of MIPs and NIPs in the exact same concentration of target analyte 

solution, and then analysing aliquots of the solution over different time intervals. The 

graphical relationship between time and the free concentration can be used to 

determine equilibrium time and the order of binding kinetics. 

On the other hand, determination of binding isotherm is another experiment in 

which the exact same mass (m) of MIPs or NIPs is incubated with different 

concentrations of the target analyte. After equilibrium is reached, aliquots of the 

supernatant solution are analysed to determine the concentration of the free target (F) 

in mol. L-1 and determine the bound concentration (B) in mol. L-1 using equation 4. 

                                                   𝐵 =
𝑛𝑡𝑎𝑟𝑔𝑒𝑡

𝑚
−

𝑉

𝑚
𝑥 𝐹                                                     (eq.4) 
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Where ntarget is the total number of target mols used in the experiment, and (v) 

is the volume of the solution. The binding isotherm is a graphical relationship between 

B and F. The isotherm for MIPs is usually not linear; it reaches a plateau at high F values 

indicating the saturation of the binding sites. However, the curve for NIPs is usually 

linear and indicates non-specific binding due to the randomly oriented functional 

groups on its surface. The difference between MIPs' and NIPs' curves is attributed to 

the specific binding of MIPs due to the presence of selective binding sites. Therefore, 

optimisation is carried out to maximise the difference between the two isotherms, 

which is reflected on the selectivity of MIPs. 

Note that the word "isotherm" means constant temperature. Therefore, the 

binding experiments should be carried out under constant temperature, as well as 

constant solution conditions (pH, ionic strength, solvent, etc.) for all concentrations of 

the tested target. 

Data from binding isotherms can be further fitted into theoretical models, such 

as Langmuir model or Freundlich model. The curve which fits the experimental data 

best can give us an estimate of the number of binding sites and their binding affinities 

(123).  

1.5.5. Characterisation of MIP films  
 

For MIPs imprinted as thin films or on the surface of a chip, a crystal or an electrode 

to be used as sensors, other characterisation methods are needed for the immobilised 

MIPs.  
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Atomic force microscopy, X-ray photoelectron spectroscopy, quartz crystal 

microbalance analysis (QCM), and surface plasmon resonance (SPR) are all useful 

techniques that can be used alone or in combination with electron microscopy to 

characterise on-surface MIPs. Such methods give us valuable information regarding 

surface homogeneity, roughness, and to ensure complete deposition of MIPs on the 

solid support. In addition, they can give an online monitoring of binding events as well 

as to ensure complete template removal (113).   

1.6. Advantages and challenges in the synthesis of MIPs 

MIPs offer several notable merits, with one of the key strengths being their 

inherent stability, allowing for utilisation under diverse non-physiological conditions. 

Remarkably, MIPs exhibit prolonged storage capabilities at ambient temperatures 

without experiencing damage, degradation, or a decline in target recognition efficiency. 

The synthesis of MIPs is not only cost-effective but also time-efficient, presenting a 

favourable alternative to the production of antibodies. These attributes hold particular 

economic value, especially when considering large-scale industrial production. 

Additionally, the versatility of MIPs is highlighted by their amenability to 

functionalisation with fluorescent or magnetic labels, enabling customisation in various 

forms such as films, particles, or nanotubes tailored for specific applications. This 

flexibility surpasses the customisation possibilities of antibodies (124).  

A recent study by K. Smolinska-Kempisty et al. conducted a comparative analysis 

of nanoMIPs and antibodies in an enzyme linked immunosorbent assay (ELISA) 

targeting a specific substance.  



 

36 
 

The study demonstrated that nanoMIPs are equally or even more effective than 

antibodies, positioning them as superior candidates for industrial diagnostic 

applications (125). Despite these remarkable qualities, the field of MIPs research faces 

several challenges, primarily associated with the intricate synthesis process and 

template-dependent variations. In this discussion, the prevalent challenges 

encountered in MIPs’ synthesis are examined, presenting the most recent proposed 

solutions to address these issues. 

1.6.1. Binding site heterogeneity 
 

Binding site heterogeneity is considered an inevitable setback when developing 

MIPs. This problem usually results in MIPs that are "polyclonal" in nature, thus they 

might exhibit non-specific binding with other species in the target sample. Binding site 

heterogeneity is one of the main problems that limits the wide applications of MIPs and 

gives antibodies a significant leverage on MIPs, since antibodies are "monoclonal" and 

highly specific.  

The drawback of binding site heterogeneity is caused by different factors and in 

almost all types of imprinting, yet it is more noticeable in non-covalent imprinting. One 

of the obvious reasons for this problem is that the monomer-template interaction is a 

process governed by equilibrium. Therefore, during equilibrium, the pre-polymerisation 

mixture contains many species of template-monomer interactions, different complex 

ratios, not just 1:1, in addition to free monomers.  

Furthermore, some side interactions are likely to occur between the template 

and cross-linker, or between the monomer and the cross-linker or even between 

template molecules themselves forming clusters.  
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These random species occurring in the pre-polymerisation mixture are 

translated into the final polymer, forming many non-specific binding sites. Moreover, 

another array of factors also contributes to binding site heterogeneity after 

polymerisation, this includes grinding and sieving of the polymer, template removal 

process, and using different solvents during rebinding experiments. All these factors 

cause further heterogeneity by corrupting the binding sites, collapsing sites after 

template removal, and variable swelling/collapsing of the polymer upon exchange of 

the solvent (126). Figure 7 is a schematic representation of how heterogenic binding 

sites can be generated during polymerisation and after. 

Semi-covalent imprinting is considered a very promising imprinting method to 

reduce binding site heterogeneity to the minimum. Since this method combines the 

merit of covalent binding (control on the template-monomer interaction) and the merit 

of non-covalent release (reduced kinetic restriction), the method offers better control 

of the functional groups orientation on the binding sites and therefore reduces the 

resultant heterogeneity (13,14). 

Stoichiometric non-covalent imprinting is another useful approach to reduce 

binding site heterogeneity. This approach was introduced first by Wulff et al. (127) and 

depends on reaching a high association constant between the template and the 

monomer, this is achieved by choosing a functional monomer that is capable of forming 

two or more hydrogen bonds with the template (128). 
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Figure 7. Schematic representation of the possible origins of binding sites heterogeneity 

during molecular imprinting. a) Different species in pre-polymerisation mixture showing 

different possible complexes between the template and the monomer molecules 

including 1:1, 1:2 and 1:3 ratios in addition to free monomers. b) Structure after 

polymerisation showing heterogenous binding sites due to different binding sites 

accessibility and various polymer backbone conformations. c) Structure after polymer 

collapsing and fracturing due to template removal, solvent exchange and polymer 

swelling. 
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Despite the use of the prior alternatives, semi-covalent, stoichiometric non-

covalent or even covalent imprinting, MIPs still suffer from some binding site 

heterogeneity. This is attributed to the difference in the outer sphere structure in the 

final polymer; this essentially means a difference in the binding sites accessibility. 

Moreover, these methods do not eliminate the heterogeneity arising from grinding, 

sieving, and the collapse of binding sites on template removal and solvent exchange 

(116). 

Surface imprinting is a more convenient method to reduce the binding site 

accessibility problem. Since the binding sites are all oriented on the surface, this can 

reduce the difference in the outer sphere nature of the binding sites (116). 

1.6.2. Template bleeding  

 

After successful molecular imprinting, template removal should be attempted 

using a suitable solvent or reagent. In the case of inefficient template removal, some of 

the template molecules remain stuck to the MIPs' binding sites. Under these 

circumstances, the entrapped template molecules can be released later during the 

application of MIPs to their intended purpose in a phenomenon known as template 

bleeding or "template leakage". Template bleeding is another setback that significantly 

hinders the applications of MIPs in the field of sensors and chromatographic 

separations. This is because if the held template molecules are released during the 

sensing process, a false positive result can be obtained. Moreover, in the case of 

chromatographic separations, template bleeding can cause a poor chromatographic 

performance and possible contamination of the fractionated sample components 

(126,129).    
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There are some proposed solutions for the problem of template bleeding 

including isotope molecular imprinting, microwave assisted extraction or carrying out a 

blank extraction (130). However, among the best and most widely used solutions for 

the template bleeding problem is the dummy imprinting approach. 

Dummy imprinting is a process that refers to the imprinting of a compound that 

is structurally similar to the target compound instead of the target itself. There are two 

types of dummy imprinting: firstly, fragment imprinting, which utilises a part of the 

target molecules as the dummy (131). Secondly, interval immobilisation imprinting, 

which utilises an entirely different compound than the target, however this compound 

has the same distance between two identical functional groups to the target compound 

(132). Using either of the dummy imprinting approaches, if template leakage occurs, it 

will have no significant effect on the result or the accuracy of the testing method. In 

addition, dummy imprinting is a very suitable alternative if the template is expensive, 

dangerous or unstable. Nevertheless, dummy imprinting is not always a viable solution, 

since finding suitable dummies is not always simple. 

Combining solid phase imprinting with a dummy imprinting technique can 

introduce an excellent solution for the problem of template bleeding. However, the 

template release process can still be slow and some researchers presume that complete 

template removal in the case of proteins is almost impossible (133). 
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1.6.3. Imprinting of hydrophilic templates and application to aqueous media 
 

The imprinting of hydrophilic and polar compounds poses a significant challenge 

due to their limited solubility in organic solvents which are favoured for molecular 

imprinting. Over the years, researchers have devised several effective strategies to 

manoeuvre this issue. One early approach involves the structural modification of the 

hydrophilic template molecule by introducing a hydrophobic alkyl chain, aiming to 

enhance its solubility in organic solvents (134). However, this method is time-

consuming and may alter essential functional groups required for imprinting. Another 

strategy employs the use of a hydrophobic dummy as an alternative to the original 

target, though finding a suitable dummy can be challenging (134). A more 

straightforward and effective approach for imprinting hydrophilic templates involves 

utilising ion-pairs. This technique relies on forming an ion pair between the hydrophilic 

template and a surfactant, which is subsequently extracted through liquid-liquid 

extraction (LLE) using an organic solvent, allowing molecular imprinting to proceed as 

usual (135). 

Addressing the imprinting of polar templates does not guarantee applicability in 

aqueous media, as MIPs developed in organic solvents may exhibit weak recognition in 

water or polar samples due to the disrupted hydrogen bonds. Micro liquid-liquid 

extraction emerges as a useful method for extracting template molecules from aqueous 

samples using a minimal amount of organic solvent, followed by loading the extracted 

target onto solid MIPs (136). Another approach involves the use of hydrophilic 

monomers, such as (hydroxyethyl)methacrylate or β-cyclodextrins, for synthesising 

MIPs compatible with aqueous media by using water as a porogenic solvent (137,138). 
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Alternatively, hydrophilic properties can be imparted to MIPs through surface 

modification, as demonstrated by R. Song et al., who prepared hydrophilic MIPs with 

an ultrathin hydrophilic shell for the detection of glutathione in aqueous media (139). 

Surface modification proves to be a highly effective and relatively straightforward 

method for enhancing the hydrophilicity of developed MIPs, expanding their 

applicability. Moreover, a recent trend in MIPs’ synthesis involves the utilisation of 

green and natural polymeric materials, such as polysaccharides or gelatine. Polymers 

derived from natural materials exhibit excellent applications in aqueous media due to 

their inherent hydrophilic nature, along with advantages like low toxicity, 

biocompatibility, cost-effectiveness, and biodegradability (140). Studies by L. Xu et al. 

and X. Zheng et al. exemplify the successful preparation of hydrophilic MIPs using 

chitosan and gelatine as monomers, demonstrating their applicability in aqueous media 

for the selective binding of specific targets (141). In addition, X. Zheng et al. prepared 

MIP membranes for L-tyrosine via the use of gelatine and chitosan as monomers in 

polyethylene glycol as a porogenic solvent. The resultant MIP membranes showed high 

selectivity and permeability for targets and were suitable for use in aqueous media 

(142). 

A specialised class of MIPs, created through a metal coordination bond between 

the template and the functional monomer, proves effective as well in polar solvents. 

The strength of the metal coordination bond prevents disruption by water molecules, 

unlike hydrogen bonds. For instance, 8-hydroxy-2'-deoxyguanosine MIPs were 

prepared using a metal coordination bond with methacryloylamidohistidine-

platinum(II) as the metal chelating monomer, enabling their incorporation into a sensor 

for the detection of 8-hydroxy-2'-deoxyguanosine in aqueous samples (143).  
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1.6.4. Protein imprinting 
 

The challenges presented by proteins as targets exceed the normal challenges 

encountered with other hydrophilic templates. The large molecular weight of proteins 

ranging from a few Daltons to thousands of kilo Daltons is considered a big difficulty in 

protein imprinting. The bulkiness of proteins makes it difficult for protein molecules to 

diffuse through the highly cross-linked polymeric structure of MIPs resulting in very 

slow binding and release kinetics. Moreover, the large molecular weight may also 

impede the efficient template removal after MIPs’ synthesis causing the phenomenon 

of template bleeding or reducing the number of available binding sites. Furthermore, 

proteins have poor solubility in organic solvents, which are commonly used in molecular 

imprinting. Proteins are also sensitive by nature to the extreme conditions required for 

radical polymerisation, such as elevated temperatures and different pHs. Therefore, 

protein imprinting needs to be carried out in conditions, which are similar to their 

natural physiological conditions, not only to prevent their degradation but also to 

maintain their conformational integrity (126). In addition to the aforementioned 

difficulties, protein molecules themselves have different recognition sites on their 

surface including charged amino acids and hydrophilic or hydrophobic regions, that can 

increase the chance of MIPs reduced selectivity and cross-reactivity with any other 

protein molecules containing similar regions or charges (144). 

Bulk polymerisation is considered the least popular choice for protein 

imprinting. This is attributed to the fact that proteins in solution have multiple 

conformational variations that can result in a very broad range of binding sites and non-

selective binding.  
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Moreover, the use of polar porogenic solvents favourable for proteins can 

reduce the strength of hydrogen bonds between the template and monomer resulting 

in reduced binding efficiency (129). 

To date, surface imprinting techniques are the most satisfactory for protein 

imprinting because binding sites are all located on the surface. The presence of the 

binding sites on the surface of MIPs eliminates the need for protein molecules to diffuse 

through the polymer network. Specifically, template immobilisation techniques 

including solid phase synthesis and micro contact imprinting are among the most used 

approaches for protein imprinting (145).  

In order to solve the problems associated with protein imprinting, an epitope 

approach has been introduced in 2001 by Rachkov and Minoura (146). In this approach, 

a small peptide segment is driven from the big structure of the template protein (usually 

the C-terminal sequence) and used in the imprinting procedure. In this way, the 

produced MIPs will be able to recognise this sequence in the whole protein molecule 

with higher degree of selectivity and minimal non-specific binding. A sequence of no 

less than 9 amino acids is chosen from the C-terminal of a template protein. The reason 

for choosing the C-terminal is that it is less prone to post-translational modifications, 

which increases the chance of its recognition in a sample by the developed MIPs (146). 

The epitope approach is an attractive alternative for imprinting of bulky protein 

templates (such as immunoglobulins) that provides the advantages of selectivity, high 

affinity and sensitivity. Moreover, this method is very cost effective, since it avoids the 

use of highly pure proteins that might be very expensive.  
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Nevertheless, finding the suitable epitope for protein imprinting is a complex 

procedure and requires knowledge of protein conformations to predict the exact 

structure of the produced peptide segment (147–149). Another recent approach in 

epitope imprinting is the use of hidden or internal epitopes. This approach was 

introduced first by Bossi et al. in which the protein template is exposed to enzymatic 

digestion or heat denaturation to expose the hidden peptide sequences in its structure 

(150). Those epitopes are usually hidden inside the folded structure of the protein and 

less exposed to the surface interactions. Imprinting on the hidden epitopes increase the 

recognition of MIPs immensely since after denaturation these peptide sequences 

become exposed and specifically bind with MIPs without interference from the steric 

hindrance. The choice of the peptide sequence is usually an in silico procedure and 

requires careful study of the protein structure (150). 

As mentioned before, a metal coordination bond is an effective way for 

molecular imprinting in aqueous media since the metal coordination bond is much 

stronger than the hydrogen bond and less affected by water. Besides, relying on the 

metal coordination bond ensures highly specific binding to the target protein and 

efficient binding in aqueous matrices such as blood. However, the use of metal 

coordination bond is limited to protein targets that contain exposed histidine residues 

on the surface, which are capable of forming such bonds (143,151). 

Hydrogel MIPs are a class of MIPs prepared using hydrophilic monomers and 

low concentration of hydrophilic cross-linkers such as polyethylene glycol. The resulting 

MIPs are in a gel form and have relatively small, cross-linked structure.  
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Hence, hydrogels are considered a good alternative for protein imprinting, since 

the template can easily diffuse through the low cross-linked mass to their specific 

binding sites due to the high permeability (152,153). 

A novel method for protein imprinting is to combine the template immobilisation 

technique with the use of a sacrificial support. Template proteins are immobilised on 

the surface of nano structured polymeric material such as alumina membranes, 

nanotubes, nanorods, or nanofilaments. This method combines the advantages of 

template immobilisation with the huge surface area provided through the use of nano 

materials. The large surface area enables easy and rapid access of template protein 

molecules to their target sites and therefore, rapid detectability and response that can 

be beneficial for the application to sensors (154–156). A summative diagram for 

challenges and solutions for protein imprinting is shown in Figure 8. 

 

Figure 8. Representative diagram of the challenges and the solutions for imprinting 

protein targets. 
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1.7. Applications of molecularly imprinted polymers in different fields 

1.7.1. Drug delivery (pharmaceutics)  

Some researchers consider MIPs to be the future for a very selective and 

controlled drug delivery. The conventional polymer-based drug delivery systems suffer 

from some drawbacks the most famous of which is the bursting and sudden release of 

the drug due to the harsh surrounding conditions. MIPs can provide an alternative 

carrier system that excels the mundane polymeric materials in many aspects (157). 

Because of the high affinity of the designed MIPs to their target drug, they are able to 

provide a sustained and a slow drug release, which is highly desirable in the field of 

pharmacotherapy. Moreover, MIPs offer high drug loading capacity, increased stability 

against various harsh conditions, effective control over their cross-linked structure, and 

the ability to introduce magnetic or fluorescent labels to facilitate in vitro or in vivo 

testing and imaging (158).  

To date, MIPs have been introduced in many pharmaceutical forms to overcome 

the problem of low bioavailability or to provide a controlled drug release. Soft contact 

lenses made of MIPs hydrogel were designed and introduced as an ophthalmic route of 

administration for glaucoma medications (159), as well as their applications in dermal 

and transdermal delivery of drugs such as propranolol (160). Furthermore, magnetic 

nanoMIPs were introduced as a smart intravenous route of administration of the 

anticancer drug 5-fluorouracil for breast cancer patients (161). MIPs are also useful in 

the oral route of administration since their high stability can prove effective against the 

different pHs encountered in the gastrointestinal tract.  
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For instance, MIPs were developed for the oral administration of the drug 

doxorubicin through the use of the biocompatible chitosan monomer (162).  

However, the application of MIPs as drug delivery systems has some hurdles, 

such as the toxicity and biocompatibility issues encountered with some monomeric 

materials. In addition to the difficulty to ensure reproducible industrial scale synthesis 

and the need for complete pharmacokinetic and pharmacodynamics studies. However, 

these setbacks should be easily overcome by the continuous development and research 

(163).   

1.7.2. MIPs as catalysts 
 

There is an uncanny resemblance between the structure of MIPs and natural 

enzymes. It was that similarity that led researchers to investigate the potential use of 

MIPs as catalysts in variety of chemical or biochemical reactions. Catalytic MIPs can be 

imprinted on template analogues of the transition state of a specific reaction. 

Consequently, when these MIPs are introduced into the reaction, they can selectively 

bind to the transition state and stabilise it, and therefore decrease the activation energy 

required for the reaction (164). Alternatively, MIPs can be designed to selectively bind 

to the reactants or the products to be able to steer the reaction forwards or backwards. 

Another approach is to develop MIPs as selective carriers for metal NPs required to 

catalyse any reaction and that in turn facilitates their easy removal after completion 

(165). Collectively, the recent advances and applications of MIPs in the field of catalysis 

are illustrated in the review by S. Muratsugu et al. (166).  
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1.7.3. MIPs in chromatography and sample pre-treatment 
 

In the realm of analytical chemistry, MIPs play an influential role, particularly in 

the domains of separation and sample extraction. Leveraging their remarkable 

selectivity and other advantageous properties, MIPs emerge as highly promising 

candidates for application as stationary phases in various chromatographic methods. 

The integration of MIPs' high affinity with the sophisticated technology of high-

performance liquid chromatography (HPLC) represents a significant advancement in 

separation science. Diverse forms of MIPs, including NPs, monoliths, and spherical 

beads, have been harnessed as packing materials for columns employed in HPLC 

separations. A noteworthy example is the work of H. Xiao et al., who engineered 

surface-imprinted MIPs on silica microspheres utilising myricetin flavonoid as a 

template. These MIPs were then employed to pack a stainless-steel column, 

demonstrating exceptional efficiency and selectivity in the HPLC separation of myricetin 

from a mixture containing three other flavonoids (167).  

MIPs are useful as well in racemic separations employing HPLC. Through 

tailoring and optimisation of MIPs’ synthesis, scientists could create MIPs that are 

capable of separating different enantiomers of the same compound and apply them for 

HPLC separations. Enantioselective separation of phenylalanine enantiomers was 

achieved using MIPs developed via bulk polymerisation for the separation of L-

phenylalanine in its racemic mixture (168). Another attempt for successful separation 

of racemic antihistaminic drugs using enantioselective MIPs beads was developed by 

suspension polymerisation method in aqueous media (169).  
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Through the high selectivity of the developed MIPs, two antihistaminic drugs: d-

chlorpheniramine and d-brompheniramine were separated from their racemates. This 

is particularly important in the field of medicine due to the drastic difference in 

therapeutic efficacy between the two enantiomers of the same drug. More insights into 

the applications of MIPs in the field of chiral separations were introduced in some useful 

reviews (170,171). The sole cautionary note concerning the utilisation of MIPs in 

chromatography relates to the potential occurrence of peak tailing attributable to 

binding site heterogeneity. Hence, meticulous attention and caution are imperative 

during the synthesis and optimisation processes of MIPs designed for chromatographic 

purposes to mitigate this issue. 

Sample extraction and purification is one of the most important steps required 

in almost all analytical procedures. SPE is a very common extraction technique used for 

complex samples such as blood and urine samples. It provides various advantages, 

some of which are high efficiency, rapid separation, reproducibility, and readiness for 

automation, especially in comparison with other extraction methods such as LLE. The 

application of MIPs as stationary phases inside the SPE cartridge added even more 

appealing qualities to SPE. The stability of MIPs made SPE suitable for samples with 

extreme pH values or those samples separated at elevated temperatures. In addition, 

MIPs are highly effective in the presence of organic solvents usually used to elute the 

samples. Furthermore, the cost effectiveness and easy procedure of MIPs’ synthesis can 

contribute to reducing the cost of SPE cartridges (172).  
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An extensive literature search revealed over 350 publications utilising MIPs in 

the field of SPE, which emphasises the great role played by MIPs in the field of analytes' 

extraction. Regarding medical applications, one of many examples includes application 

of a MIPs SPE cartridge to extract and detect cotinine alkaloid. Cotinine can be used as 

a biomarker of nicotine exposure in both active and passive smokers. Researchers in 

this work were able to develop a SPE cartridge specific for cotinine that was easy to use, 

quick and reusable to extract cotinine from saliva of smokers (173). MIPs SPE is also 

very helpful in the field of food analysis; a group of researchers were able to combine a 

core shell imprinting technique with a dummy imprinting approach to create magnetic 

MIPs SPE specific for aminopyralid herbicide (174). Picloram was used as a dummy and 

molecular imprinting was carried out on the surface of carboxyl and amino 

functionalised magnetite particles. The developed MIPs SPE cartridge was able to 

extract aminopyralid in milk samples to be further analysed by liquid chromatography 

– mass spectrometry (LC-MS). In the scope of forensic analysis, MIPs also left a 

fingerprint. T. Murakami et al. developed MIPs SPE system for extraction of the 

addictive cathinones from blood and urine samples. The recovery of drugs using MIPs 

SPE was found to be higher than the conventional SPE and LLE, which is a solid proof 

for their efficacy in this field (174).   

The offline SPE approach used in the aforementioned examples is relatively easy 

and flexible. However, it consumes a significant amount of solvent, and samples are 

prone to contamination prior to being analysed, therefore the online SPE systems are 

more favourable. In the online approach, analytes separated with SPE are automatically 

introduced into an analytical instrument such as HPLC or GC for further quantitative 

analysis.  
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A recent example is reported for the extraction and quantitation of the 

mycotoxin patulin (175). Herein, researchers developed surface imprinted MIPs for the 

extraction and pre-concentration of trace amounts of patulin in fruit derivatives via SPE. 

Following the extraction, samples were automatically loaded into HPLC column for 

analysis. The online approach here was very useful, since the concentration of target is 

very low. Moreover, no possible contamination of the analyte could have happened, 

since the samples were directly injected into the HPLC system with no need for an 

operator (175). More in-depth insights and critical review of the application of 

molecular imprinting into SPE is introduced in this review (96) 

Collectively, MIPs find their widest applications in the area of analysis, however 

they are a more popular choice for sample pre-treatment to extract the target analytes 

prior to their quantitation.  

1.7.4. MIPs in the field of sensors and biosensors 
 

A sensor is defined as a device that measures a specific chemical or physical 

reaction and produces a certain signal that is corresponding to the concentration of the 

analyte involved in this reaction. In case the analyte is a biological molecule, the device 

is called a biosensor (176). There are three main elements in the structure of any sensor 

namely, the analyte, which is the target molecule that needs to be detected or 

quantified, the bioreceptor, which is responsible for selective binding of the target 

molecules in the sample and the production of a signal in different possible forms (light, 

pH change, or charge change, etc.). 
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 Finally, there is the transducer, which is responsible for converting the resultant 

signal from the binding event into a measurable signal proportional to the 

concentration of target and can be displayed as readable units (176). 

From this brief explanation about the nature of sensors and their structure, it 

can be clearly seen where MIPs can fit in. For the past decades, natural molecules such 

as antibodies or enzymes have been used as the bioreceptor as in the case with ELISA. 

However, due to the great advantages offered by MIPs over natural antibodies, MIPs 

are now leading the race in the field of sensing and biosensing.  

The first type of MIPs that can be useful in the field of sensing is the fluorescent 

MIPs. Utilising this type of MIPs in a sensor device can translate the change in 

fluorescence that happens upon binding of the target to give a signal proportional to 

the analyte concentration. T. Zhou et al. developed a fluorescent nano-sensor for the 

detection and quantitation of the antibiotic tetracycline (177). Researchers prepared 

fluorescent core shell imprinted polymers on the surface of graphene QDs. The binding 

of these MIPs to tetracycline caused fluorescence quenching, which was proportional 

to tetracycline’s concentration. Moreover, the authors applied the developed sensor to 

measure tetracycline in real milk samples and recovery percentages were promising, 

which in turn points out the great potential for MIPs in this field (177). The same sensor 

principle was also applied to larger targets including proteins such as lysozyme as a 

biomarker for cancer and the produced sensor revealed high efficacy and applicability 

in complex biological samples (178). Most of the recent applications of fluorescent MIPs 

in the field of sensing have been summarised in a review (179).    
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Electrochemical sensing is also a highly explored type of sensors in which the 

binding event translates into an electrochemical signal. MIPs labelled with a redox 

probe are utilised in electrochemical sensing of different analytes. The selective binding 

of the target causes conformational changes in the structure of MIPs, which are 

transformed into an electric current, thereby the concentration of target can be 

measured via different electrochemical methods (180). Nevertheless, the efficiency and 

accuracy of electrochemical MIPs based sensors are sometimes limited by the weak 

electrochemical conductivity of the cross-linked structure of MIPs. Consequently, Y. Li 

and his group prepared a smart type of MIPs imprinted on magnetite nanobeads and 

gold NPs to be deposited on a reduced graphene oxide electrode (181). The 

combination of reduced graphene oxide and metal nano particles was an excellent 

strategy to boost the response current and increase the sensor’s efficiency. The 

developed sensor was used to detect ractopamine analyte in water samples with very 

high sensitivity using CV and EIS techniques (181). Progress and perspectives of MIPs in 

electrochemical sensing are discussed in detail in this review (182). 

Capacitive sensors are a type of affinity sensors, which measures the change in 

dielectric properties (capacitance) upon binding of the target. N. V. Beloglazovaa et al. 

prepared a capacitive biosensor combined with MIPs for benzo(a)pyrene detection in 

water samples (183). MIPs were prepared using two different polymerisation 

techniques, the first produced MIPs beads, which were covalently coupled to the 

electrode, the other method involved in situ synthesis and deposition of MIPs on the 

electrode surface. The performance of the two types of MIPs as bioreceptors was 

compared to each other and to natural antibodies.  
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The results of the study showed that the latter approach of MIPs’ synthesis 

provided better results compared to MIPs beads. In addition, sensors prepared using 

antibodies had a wider linear range, yet MIPs sensors showed higher stability and 

reusability (183). Another capacitive biosensor was prepared by electro-polymerisation 

of the naturally derived compound resorcinol to prepare polyresorcinol MIPs for the 

antibiotic sulphanilamide. The prepared sensor was applied to detect and quantify 

sulphanilamide in milk, tap water and drinking water with no need for pre-

concentration steps (184).  

A state-of-the-art technique for sensing that is increasingly applied nowadays is 

surface plasmon resonance (SPR). SPR is a type of optical sensor that depends on 

measuring the angle of reflection of a polarised light beam off an electrode surface 

separating two media. Usually, bioreceptors are immobilised on the other side of the 

electrode, which upon binding of the target analyte produces a change in the angle of 

reflection that can be directly correlated to the concentration of the analyte (185). 

Combining MIPs with a very sensitive technique such as SPR is very valuable in the field 

of analytical chemistry and microanalysis. A MIP SPR biosensor was prepared for 

detection and quantification of iron regulating hormone hepcidin. The sensitivity of the 

biosensor reached a remarkable picomolar range, which is very useful in testing real 

samples (186). Another SPR MIPs based sensor was developed for the analysis of 

amoxicillin antibiotic. The developed MIPs were coupled to two sensing techniques: SPR 

and QCM Although the SPR method showed a higher limit of quantitation, both 

methods were effectively applied to detect and quantify amoxicillin in real egg samples 

(187). This cited review discusses further data on MIPs coupled to SPR and other optical 

techniques in the field of biosensing (188). 
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Finally, an acoustic wave sensor is a type of mechanical sensor, which employs 

a piezoelectric material such as quartz to generate the acoustic wave by alternating 

current induced oscillation. These sensors are sensitive to mass changes occurring on 

its surface as well as the change in the physicochemical environment (189). Coupling of 

MIPs to surface acoustic sensors is very advantageous in the sensing field, especially 

after the recent application of acoustic sensors in liquid media. MIPs deposited as films 

on acoustic sensors such as QCM (190) or the higher frequency and higher sensitivity 

LOVE wave sensor have created a very useful and sensitive class of sensors for different 

target analytes (191). 

Eventually, the future for MIPs' applications is coupling it to cutting edge sensing 

technologies. Sensors are needed now more than ever to provide rapid, sensitive, and 

onsite detection of different chemicals and biomolecules. Miniaturised sensors provide 

the basis for lab on chip or portable reactors that can be used anywhere to provide 

reliable results in the fields of medicine, forensics, food and environmental analysis.   
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Subchapter II. Biomarkers 

1.1. Definition  

The term "Biomarker" is short for a "biological marker", which can be defined as any 

substance found in the body (gene, protein, or polysaccharide etc.) that can be of 

medical or biological significance. This substance can be a part of a normal physiological 

process or a biochemical pathway or be a result of abnormal pathological condition 

(192). Pathological conditions can either generate whole new molecules into the body 

or cause a notable decrease or increase in naturally occurring molecules in which case 

their concentration itself is the biomarker. According to this description, biomarkers are 

like signals that give us insightful information about what is going on inside the body 

with minimal interference and less effort.  These signals can also be warnings that a 

medical condition is evolving, which in turn provides us with a good diagnostic tool that 

enables early treatment of the condition, hence saving lives (193).  

1.2. Classification of biomarkers 

Biomarkers are categorised in various ways. The first classification distinguishes 

between imaging and non-imaging biomarkers. Imaging biomarkers are obtained 

through techniques like X-rays, positron emission tomography scans, and magnetic 

resonance imaging. While non-imaging biomarkers are measurable molecules with 

biophysical properties found in body fluids or tissues (192). Another classification is 

based on their nature, encompassing genetic biomarkers such as DNA, RNA, or specific 

gene mutations, as well as protein biomarkers with sizes ranging from a few Daltons to 

several thousand Daltons (e.g., immunoglobulins). Additionally, biomarkers can be 

specific entities like polysaccharides, glycans, or glycoproteins.  
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Further classification is according to their applications: diagnostic biomarkers 

which detect specific diseases, antecedent biomarkers which  identify individuals at 

high risk of a particular disease, disease prognosis biomarkers which monitor the 

prognosis of conditions like cancers, and therapeutic drug monitoring biomarkers which 

determine the effectiveness of drugs or the need for dose adjustments based on the 

discovered biomarkers (194). 

1.3. Benefits of biomarkers in different fields   

In addition, to their diagnostic role, biomarkers are very beneficial in the field of 

pharmacy and drug development. Analysing patients' and volunteers' biomarkers can 

predict who will respond better to a certain drug from efficacy and safety perspectives. 

This can determine the efficiency of newly discovered drugs, and help reduce the 

expenses and time of clinical trials (195). 

Biomarkers also play an important role in studying the effects of environmental 

pollution. Pollution biomarkers are defined as quantitative measure of the alterations 

that happen to a biological system compared to its normal status after exposure to a 

specific pollutant (196). Exposure to different environmental pollutants such as heavy 

metals and toxic gases can result in significant changes in certain physiological 

processes in the body. The early detection of these variations is useful as sensitive 

warnings of environmental hazards, before they become on a population scale (196).  
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Pollution biomarkers vary in specificity; some processes are very specific such as 

aminolevulinic acid dehydratase mediated inhibition that is triggered by exposure to 

lead, and some are not so specific such as DNA damage or mutations, which indicate 

exposure to many pollutants. In this case, analysing biomarkers can give us an idea of 

what kind of pollutant is involved (196). 

1.4. Pros and cons of biomarker analysis 

The analysis of biomarkers has many advantages that makes it one of the most 

important topics of research nowadays. The biomarker research services market size is 

expected to reach 18.2 billion dollars globally  by 2026, which proves that biomarker 

research is a promising field of study (197).  

Versatility of biomarkers is also a very good advantage; as more than one biomarker 

may be found per one medical condition, which can give more confidence about the 

diagnosis. Another advantage is the high selectivity, as most of the biomarkers usually 

signal a specific condition with a high degree of precision. Other beneficial merits 

include reproducibility and their presence in different body fluids and tissues, which 

enables easy extraction with no need for invasive procedures (192).  On the other hand, 

there are some challenges associated with the analysis of biomarkers, where the most 

common problem is cross-reaction. Cross-reaction happens when the applied analytical 

method gives a false positive result for a structurally or physically similar molecule. This 

problem mainly happens due to the poor selectivity of the analytical method. Another 

challenge is that some of these biomarkers exist in very low concentration in body fluids 

that makes their extraction and analysis extremely difficult.  
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This problem urges the development of very sensitive extraction and analytical 

methods for their detection. Moreover, a common challenge faced in biomarkers 

discovery is the low number of case studies involved in the early stages of a particular 

disease, since the early stages are mostly asymptomatic resulting in delayed diagnosis 

(198,199). 

1.5. Common methods for the analysis of biomarkers 

Various analytical tools are employed to analyse and quantify molecular 

biomarkers in the body. Each analytical method offers specific advantages and 

disadvantages depending on the biomarker and its concentration in the sample. The 

widely used ELISA has been the most popular analytical technique, yet it has its 

limitations. ELISA may yield false positive results in the presence of ineffective blocking 

solutions or false negatives when the target concentration is too low. Moreover, the 

multistep sample preparation, dilution, and washing processes in ELISA introduce a 

potential for errors and require skilled personnel. Antibody instability and the need for 

low storage temperatures further complicate its application. While sandwich and 

competitive ELISA types provide high sensitivity, they tend to be costly (200,201). 

Other methods for biomarker analysis include various chromatographic 

techniques like LC-MS  (202), thin layer chromatography (203), gas chromatography 

(204), and gel electrophoresis (204). However, many chromatographic assays face 

limitations when applied directly to complex sample matrices like blood or urine. To 

overcome this challenge, the target biomarker needs to be extracted first before 

quantification using the chromatographic method (205).  
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Promisingly, MIPs have emerged as effective sorbent materials for selective 

biomarker extraction. MIPs can be customised to target a specific biomarker, offering 

high selectivity in extracting it from complex matrices. This innovative approach holds 

potential for enhancing the precision and reliability of biomarker analysis (206). 

1.6. Medically useful biomarkers 

Protein molecules by far are the most common biomarkers since they are found in 

a plethora of locations in the human body. Different protein molecules, peptides, or 

single amino acids can signal a variety of diseases or cancer types. Protein biomarkers 

are also present mostly in relatively high concentration, which makes their extraction 

and detection more convenient (207). For example, oestrogen receptor, progesterone 

receptor and human epidermal growth factor receptor 2 are types of tissue-based 

protein biomarkers (208). These tissue biomarkers have been used for years to monitor 

the course of treatment of breast cancer. DX 21-gene panel is also a useful biomarker 

to predict the risk of breast cancer recurrence and the potential benefit of 

chemotherapy (208). The intracellular coenzymes NAD(P)H and FAD are involved in all 

intracellular metabolic pathways by oxidation and reduction reactions. Therefore, they 

are useful biomarkers for detection of metabolic dysfunctions that happen on the 

intracellular level and are main causes for many diseases such as diabetes. In addition, 

these coenzymes are fluorescent by nature, therefore they can be easily scanned 

without the need for sample pretreatment procedures (209).  

The identification of specific mutations in certain proteins such as receptors or 

enzymes can also help to detect or understand the cause of certain disorders or to 

target therapy to these specific proteins.  
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For example, according to P. Villalobos et al., epidermal growth factor receptor 

mutations and anaplastic lymphoma kinase enzyme translocations are promising and 

novel biomarkers for targeted molecular level therapies in a group of patients suffering 

from lung cancer (210).  

1.6.1.Pepsin as a medically useful biomarker for gastroesophageal reflux disease 

Pepsin, an enzyme originating from the stomach, plays a pivotal role in protein 

digestion by catalysing the hydrolysis of larger protein molecules into smaller peptides 

(211). Its importance extends beyond the area of digestion, particularly in the context 

of gastroesophageal reflux disease (GERD). GERD is a prevalent gastrointestinal 

disorder characterised by the regurgitation of stomach contents into the oesophagus, 

leading to irritation and, in severe cases, potential damage to the oesophageal lining. 

GERD is also a very common disorder occurring in over 20% of the world's population 

(212). Pepsin, being an intrinsic component of gastric juice, becomes a notable 

biomarker in the context of GERD. When reflux occurs, pepsin may travel beyond its 

typical anatomical confines, presenting itself in the saliva (211). 

Elevated levels of pepsin in the saliva were significantly associated with GERD, 

where it serves as a reliable biomarker. Monitoring and quantifying pepsin levels in 

these samples provide clinicians with a valuable diagnostic tool for assessing the extent 

and severity of GERD. This diagnostic approach aids in the early identification and 

management of GERD, allowing healthcare professionals to tailor appropriate 

interventions and treatments to mitigate the impact of this prevalent gastrointestinal 

condition (213,214). To date, the main method of measuring the level of pepsin and 

diagnosis of GERD is the Peptest® which is an ELISA method utilising antibodies (215). 
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1.6.1.1. Chemistry and functionality of pepsin 

Pepsin possesses a molecular weight of approximately 34,000 Da and belongs 

to the aspartic protease family. It is biosynthesised in an inactive precursor form known 

as pepsinogen, which undergoes activation in the acidic environment of the stomach to 

form the active pepsin enzyme as illustrated in Figure 9 (211). The mature pepsin 

enzyme exhibits a unique structure with two symmetrical lobes connected by a hinge 

region.  

 

Figure 9. Activation of pepsinogen to pepsin at low pH in the stomach (211). 

Pepsin’s physicochemical parameters play a crucial role in its functionality, with 

an isoelectric point around pH 1.3, highlighting its optimal activity in the highly acidic 

conditions of the gastric environment. Pepsin demonstrates specificity for hydrolysing 

peptide bonds in proteins, particularly favouring aromatic and hydrophobic amino 

acids.  
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Understanding these molecular features, including molecular weight, isoelectric 

point, and pKa values, contributes to a comprehensive grasp of pepsin's role in digestion 

and its significance as a biomarker in various physiological and pathological conditions 

(216).  

1.6.1.2. Analytical methods for detection and quantitation of pepsin 

A review of the literature reveals very few methods for the analysis of pepsin. In 

comparison, pepsin is mainly utilised as an enzyme to digest other protein samples prior 

to analysis especially by LC-MS (217,218). One online immunoaffinity LC-MS method for 

the analysis of pepsin was found that goes back to 2010 (219). In this method, pepsin 

enzyme is cleaved using another digestive enzyme called endoproteinase AspN which 

can cleave proteins at aspartic acid residues that are frequent in the pepsin molecule. 

This cleavage would generate more target peptides for selective reaction monitoring 

mode in LC-MS analysis. The authors used immunoaffinity column for the enrichment 

of pepsin fragments before detection. Despite the complexity of the method and the 

multiple preparation steps, the detection limit reached picomolar range (219).  

Another method for detection and quantitation of pepsin employs a molecular 

imprinting technique, more specifically magnetic MIPs in an ELISA format while applying 

fluorescent polystyrene beads (PSB) as labels (220). The principle of the method 

depended on immobilisation of the developed magnetic MIPs to the walls of the wells 

of a microtitre plate via magnetic inserts. The sample solution containing pepsin was 

mixed with PSB and subsequently pepsin was adsorbed onto their surface by 

hydrophobic interactions.  



 

65 
 

Afterwards, this solution was added to the wells and pepsin with the adsorbed PSB 

bound with the magnetic MIPs resulting in a corresponding decrease in central 

fluorescence of the solution in the wells. The advantages of this method included the 

use of MIPs instead of the conventional antibodies and the use of PSB instead of the 

enzyme label (220). Moreover, there was no need for a washing step after the addition 

of sample solution. Nonetheless, this method suffered from various drawbacks that 

needed to be addressed. Firstly, the authors mentioned that a very high concentration 

of target protein could saturate MIPs’ binding sites as well as PSB leading to a reduced 

amount of PSB drawn to the magnetic inserts. Therefore, it was necessary to carry out 

a binding isotherm study to determine the maximum concentration of pepsin that MIPs 

could bind to, to avoid such an issue, yet this study was not presented. Secondly, MIPs’ 

synthesis utilised three different functional monomers, which can increase non-specific 

interactions and binding sites heterogeneity through side reactions. However, the 

rationale for using three different monomers was not mentioned, nor why they were 

used in these ratios. Thirdly, an elucidation of the functional groups of pepsin involved 

in the binding with MIPs or PSB should have been included to verify that the 

hydrophobic binding with PSB did not adversely affect binding with MIPs. In addition, if 

PSB caused conformational changes to the structure of pepsin, this might result in total 

loss of binding selectivity. Finally, the authors mentioned they switched blue PSB to red 

PSB when applying the method to synthetic gastric fluid due to the effect of 

hydrochloric acid on binding with blue PSB and reduced sensitivity. However, the 

question is why did they not use red PSB from the start, especially given that all the 

optimisation studies were carried out using blue PSB?  
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Despite the promising approach used in this method, it lacked some fundamental 

elucidations and experiments to verify its usefulness (220).  

A very recent method that adopted the same principle of an ELISA format was 

found. This method also adopted the use of microtiter plate modified with magnetic 

inserts which were used to immobilise pepsin that was covalently bound to magnetic 

iron (II, III) oxide nanoparticles. However, instead of using PSB, fluorescent MIPs for 

pepsin were used as labels. Herein, upon the addition of free pepsin in sample solution 

followed by addition of fluorescent MIPs a competitive binding between magnetic 

pepsin and free pepsin on the MIPs’ binding sites occurs. As a result, fluorescence in 

the centre of the well is noticed which is used for detection of pepsin. This method 

opens the door for more abiotic detection methods which are cheap, stable and can be 

used more than once without the need for experience and with minimal errors. 

However, there was no application in this work for the detection of pepsin in saliva or 

gastric fluid and no detailed optimisation profile (221).  

In 2013, MIPs were developed by the mini emulsion imprinting technique for 

binding of pepsin. The authors in this paper claimed the application of surface 

imprinting technique to make all the binding sites on the surface (222). However, 

surface imprinting technique necessitates the use of solid support, either nanoparticles, 

glass slides, or monoliths (223). In this paper, there was no use of any solid support, 

that makes this method only a mini emulsion imprinting technique which depends on 

the use of surfactant and ultrasonic waves to disperse the polymerisation mixture into 

fine droplets into the continuous phase.  
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The application of this type of polymerisation resulted in a very small particle size 

as illustrated by the authors (400 – 600 nm) and increased surface area available for 

binding (30 – 65 m2). Nonetheless, this paper lacked a complete optimisation profile for 

all the elements involved in the synthesis procedure, where the authors only tested 

four monomers to choose the optimum one.  

There was no optimisation for the cross-linkers, initiators, porogens and other 

factors that can affect imprinting (222). Later in 2015, the same authors published 

another paper showing some in-depth binding assays to highlight the binding 

performance of their developed polymers, yet still, an optimisation profile was missing. 

Moreover, there was no application to biological samples to indicate their suitability 

and applicability as extraction media (224). A summary of the key features of the 

molecular imprinting methods for pepsin is presented in Table 1. 
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Table 1. Summary of the MIPs prepared for pepsin from the literature search.

Technique of polymerisation Composition of MIPs 

monomer, cross-linker, initiator, porogenic 

solvent 

LOD  Applications Ref. and 

year 

-Solid phase synthesis on glass beads 

with magnetic element. 

N-tert-butylacrylamide & NIPAm & N-(3-

aminopropyl) methacrylamide hydrochloride 

& AA, MBA, TEMED & APS, water. 

Not 

mentioned. 

Microplate-based assay equipped with magnetic 

inserts and polystyrene beads used as 

fluorescent coloured label for detection of 

pepsin with application to synthetic gastric juice 

samples. 

(220) 

2018. 

 

-Solid phase synthesis on glass beads 

with a fluorescent monomer. 

-Post-imprinting modification with 

fluorescent dye. 

-NIPAm, AA & N-tert-butylacrylamide, MBA, 

TEMED & APS, water & EtOH. 

-same composition followed by modification 

with Fluor® 647 NHS ester. 

1 µmol L-1. MINA abiotic assay for the detection and 

measurement of pepsin with no application in 

biological fluids. 

(221) 

2022. 

-Mini-emulsion polymerisation. 2-Aminoethyl methacry- late hydrochloride, 

(3-acrylamidopropyl)trimethy- lammonium 

chloride & EGDMA, Lutensol AT50 

(surfactant) & AIBN. 

Not 

mentioned.  

Binding of pepsin. No quantitation or application 

to biological fluid. 

(222)(224) 

2013. 
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Subchapter III. Hypothesis and thesis rationale  

Protein biomarkers are the most common biomarkers in the human body, and 

they signal multiple types of disorders including cancer, infections, inflammations and 

others. During the literature search, the majority of research was found to be focused 

on cancer biomarkers due to their significance and contribution to a non-invasive 

diagnosis to patients who are suffering from this terrible disease. However, much less 

research was oriented in other biomarkers which are also important to help other 

groups of patients. Pepsin enzyme was one of those biomarkers that had very little 

research focused on its analysis as a biomarker for GERD. 

Pepsin is normally present in the stomach as a digestive enzyme for proteins, 

nevertheless, due to the reflux in patients with GERD, some of the pepsin is regurgitated 

to the mouth resulting in significant increase in its salivary concentration. However, due 

to the complex nature of the human saliva and the presence of other salivary enzymes, 

it was necessary to come up with a highly selective extraction method to ensure 

complete and selective extraction of pepsin prior to its analysis. 

Based on the previous, pepsin enzyme was chosen as the target of this project 

to achieve the following aims: 

• Develop, optimise, and characterise new magnetic MIPs for the selective 

binding, extraction, and the following release of pepsin in solutions and in 

human saliva samples (Chapter 2, subchapter I).  
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• Devise, optimise, and validate a highly sensitive, simple, and novel HPLC method 

for the detection and quantitation of the pepsin fractions extracted via the 

magnetic MIPs to build an integrated diagnostic system (Chapter2, subchapter 

II). 

• Develop new fluorescent MIPs for the simultaneous extraction and quantitation 

of pepsin enzyme. Therein, the highly selective binding sites would capture 

pepsin enzyme followed by quenching of some of the fluorescence in a 

concentration dependent fashion (Chapter 3). 

• Compare the utilisation of both fluorescein isothiocyanate and rhodamine 

isothiocyanate as fluorescent dyes in the development of the fluorescent MIPs 

in terms of binding efficiency, selectivity, and sensitivity and introduction of a 

possible structure-based explanation to the difference in their binding to pepsin 

enzyme (Chapter 3). 

• Manufacture a new fluorescent membrane for the selective binding and 

detection of pepsin enzyme using fluorescent carbon dots integrated in its 

matrix. Furthermore, exploration of the effect of binding of pepsin enzyme to 

the fluorescent membrane as an indicator switch for the simple and rapid 

detection of pepsin in any specimen (Chapter 4).   

• Utilise dopamine as a self-polymerising monomer for the development of 

surface imprinted MIPs on silica nanoparticles for pepsin enzyme. In addition, 

exploration of the possible hurdles, challenges, and literature-based 

explanations to the alleged high selectivity of dopamine MIPs (Chapter 5). 
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• Provide general conclusions on the work done in this thesis, showcasing 

advantages, challenges, potential applications, recommendations, and future 

plans (Chapter 6). 

Finally, it was a challenge, involving exhaustive effort to develop, optimise, 

characterise, and test all the developed MIPs. Therefore, a specified workflow was 

followed to achieve the desired aims smoothly, as shown in Figure 10. 
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Figure 10. Workflow of the thesis project.



 

 
 

 

Chapter 2 

Development of Magnetic MIPs for 

The Extraction of Pepsin Enzyme Prior 

to HPLC-SEC Analysis 

Chapter 2 was published in Polymer journal. 

A.M. Mostafa, S.J. Barton, S.P. Wren, J. Barker, Development of magnetic 

molecularly imprinted polymers for the extraction of salivary pepsin prior to analysis 

by a novel HPLC-SEC method, Polymer (Guildford). 261 (2022) 125417. 

https://doi.org/10.1016/j.polymer.2022.125417 . 

 

https://doi.org/10.1016/j.polymer.2022.125417
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Chapter 2. Development of magnetic MIPs for the extraction of 

pepsin enzyme prior to HPLC-SEC analysis 

Subchapter I. Development of magnetic MIPs 

2.1. Background 

Magnetic MIPs represent a specialised class of materials that combines the 

advantages of molecular imprinting technology with the magnetic properties of iron 

oxide nanoparticles. The incorporation of magnetic nanoparticles into MIPs enhances 

their separation and retrieval capabilities using only a strong magnet, eliminating the 

need for centrifuge or filters. Therefore, they are ideal candidates for targets that 

normally exist in complex matrices such as blood, urine, or saliva. As a result, magnetic 

MIPs simplify the sample preparation process in analytical applications (225). 

Magnetic MIPs are prepared utilising the surface imprinting technique that was 

mentioned earlier in chapter 1, under section 1.4.6, where the polymerisation is 

conducted on the surface of iron oxide nanoparticles (magnetite). This in turn creates a 

thin layer of polymer that contains multiple binding sites for the target molecule 

(225,226). 

In the context of protein targets recognition, magnetic MIPs offer distinct 

appealing features. Due to the application of surface imprinting technique, all the 

binding sites are localised on the surface of the particles allowing easy binding and 

release. The rapid binding and release kinetics in addition to the high selectivity are 

important in many fields including bio separation, biosensing, and targeted drug 

delivery (227). 
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Protein-imprinted magnetic MIPs find applications in sample preparation and 

purification, where they can selectively extract and isolate target proteins from 

complex biological samples. This is particularly valuable in proteomic studies and 

diagnostic applications. Moreover, they can serve as the recognition element in 

biosensors, contributing to the development of highly selective and sensitive protein 

detection platforms (228). 

In recent years, research efforts have been directed toward optimising magnetic 

MIPs for various proteins, including antibodies and biomolecules and herein, it is taken 

to the world of enzymes, more specifically pepsin enzyme. 

2.2. Advantages offered by magnetic MIPs for the extraction of protein 

targets  

MIPs have risen as an alternative tool to classical antibody testing commonly 

used for diagnostic purposes. Magnetic MIPs specifically have offered extra benefits 

making them ideal for protein targets. Among the many advantages offered by 

magnetic MIPs the most important are: 

• Enhanced Sample Preparation. 

The incorporation of magnetic nanoparticles enables the easy separation of 

magnetic MIPs from the sample matrix using an external magnetic field. This not only 

streamlines the sample preparation workflow but also enhances the overall efficiency 

of protein analysis (225). 
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• Reusable and Cost-Effective. 

The magnetic nature facilitates their easy recovery and reuse. After capturing the 

target proteins, magnetic MIPs can be quickly separated from the sample matrix using 

a magnet, allowing for multiple uses without significant loss of binding efficiency. This 

reusability not only makes magnetic MIPs cost-effective but also reduces waste, 

contributing to environmentally friendly analytical practices (229). 

• Biocompatibility and Biomedical Applications. 

Magnetic MIPs exhibit excellent biocompatibility, making them suitable for 

applications in the biomedical field. They can be employed in targeted drug delivery 

systems, where the selective recognition of specific proteins ensures the efficient 

delivery of therapeutic agents (230).  

2.3. Methods applied for the synthesis of magnetic nanoparticles employed in 

the synthesis of magnetic MIPs 
 

2.3.1. Co-precipitation method  

Co-precipitation method involves introducing an alkaline substance into an 

aqueous solution containing Fe2+/Fe3+ salts under an inert atmosphere, resulting in the 

formation of iron oxide nanoparticles through a precipitation reaction. This method 

offers a well-controlled preparation process with advantages such as low production 

costs, a brief production cycle, and minimal environmental impact (231). The 

adjustment of key experimental parameters, including the ratio of iron (II) and iron (III) 

salts, pH, temperature, reaction time, and ionic strength, plays a crucial role in 

synthesising iron oxide nanoparticles with controllable shape, size, and morphology.  
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Higher concentrations of the iron (II) precursor can lead to the formation of 

numerous seeds, thereby increasing the yield of smaller nanoparticles. Increasing ionic 

strength in the system slows down growth and nucleation rates, favouring the 

production of smaller nanoparticles. Additionally, the incorporation of stabilising 

agents, such as chelating organic anions (citrate, glucose, oleic acid) and polymer 

surface complexing agents (chitosan, carboxylated chitosan, starch, polyethylene 

glycol), helps prevent agglomeration (232,233). 

2.3.2. Solvothermal method 

 The Solvothermal method involves sealing the reaction media in a special 

reactor (autoclaves) to create a high-temperature and high-pressure environment for 

the synthesis of magnetite nanoparticles. This method, categorised as hydrothermal or 

organic solvothermal synthesis based on the solvent type, promotes rapid convection 

of the solvent and active diffusion of solutes. These conditions enhance the formation 

of nanoparticles with a narrow size distribution, uniform morphology, and improved 

dispersion properties. Careful consideration of the reaction factors, such as the type 

and amount of iron source, solvent, temperature, and time, is crucial for achieving a 

high-quality final product (234). 

2.3.3. Microemulsion method 

The microemulsion route involves obtaining magnetite nanoparticles through 

reactions confined to a water-in-oil or oil-in-water microemulsion stabilising system. 

This system is created by mixing a surfactant, an oil phase, a water phase, and a co-

solvent in correct proportions which prevents aggregation due to surfactant coating.  
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The nucleation process can be controlled by adjusting the microemulsion 

volume. Despite its applicability in preparing various magnetite nanoparticles, the 

resulting material from microemulsion approaches may have drawbacks like poor 

crystal quality, low magnetisation, and small output due to the low reaction 

temperature, limiting its range of applications (235).  

2.3.4. Sol-gel synthesis 

The sol-gel method is a vital technique for producing materials such as inorganic 

nanoparticles at room temperature through a wet chemical process. In this procedure, 

a chelator and other solvents are added to an aqueous solution or alkoxide containing 

Fe3+; subsequently, stable, and uniform sol (nucleation) of metal oxides or metal 

hydroxides occurs through hydrolysis reaction and condensation polymerisation. As the 

reaction progresses, the particles gradually grow, forming a three-dimensional network 

gel (aging) in the liquid phase. Further heating and drying treatments are necessary to 

obtain monodisperse magnetite nanoparticles (236). 

2.4. Aims and Objectives of this work 

For the past decades, antibodies have been the main method used for the 

diagnosis and binding of different biological targets. This is mainly due to the high 

selectivity of antibodies and lack of synthetic alternatives. However, multiple 

misdiagnosis incidents have occurred over the years due to the interference from cross-

reactors or false readings in addition to their high cost of production (237). 

Over the literature survey, only two studies have been found describing the 

synthesis of magnetic MIPs for pepsin which were covered in chapter 1, subchapter II, 

section 1.6.1.2.  
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The multiple drawbacks of these methods were discussed which included the 

lack of optimisation profiles and actual applications on biological samples. Therefore, 

the aims of this work were: 

• Development of new magnetic MIPs for pepsin enzyme using cheap, green, 

and affordable starting materials. 

• Optimisation of all the reagents involved in the synthesis procedure to achieve 

the highest possible selectivity. 

• Characterisation of the resulting magnetic MIPs on all aspects including 

morphology, functionality, thermal stability and binding characteristics. 

• Assessment of the reproducibility and reusability of the developed magnetic 

MIPs to verify their cost effectiveness. 

• Application of the resulting magnetic MIPs for the extraction of pepsin from 

solutions and saliva samples. 

2.5. Anticipated challenges 

 As mentioned before in the introduction, imprinting of protein presents its own 

set of problems. Pepsin is a 34.5 kDa protein that is only soluble in water and aqueous 

buffers. Therefore, the imprinting, binding and analysis had to be conducted in aqueous 

media. Moreover, the pH of the solution had to be maintained at the pH range of the 

human saliva (6.2-7.6) with 6.7 being the average (238). This is crucial to avoid any 

change in the conformation of the protein and hence a weakened binding to the 

developed MIPs. Imprinting in water is difficult due to the predicted competition 

between water molecules and the target on the hydrogen bonds with the monomer.  
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Therefore, meticulous optimisation was necessary to minimise this problem as much as 

possible. The cost effectiveness was one of the main concerns in developing the 

magnetic MIPs. Therefore, it was important to choose affordable yet effective starting 

materials for the polymerisation in order to make the resulting MIPs more economic 

than antibodies.  

Finally, due to the large size of the protein molecule, there was a concern about 

the efficient template removal and rebinding within an acceptable time frame to make 

the developed MIPs user friendly and time efficient. As a result, the washing step for 

the resulting MIPs was carefully optimised to achieve the best possible template 

removal and the conditions for rebinding were prudently studied as well. 

2.6. Experimental  

2.6.1. Materials and Instrumentation  

Methacrylic acid 99% (MAA), acrylamide 99% (Am), acrylic acid 99% (AA), N-

isopropylacrylamide (NIPAm) 99%, N,N’-methylenebisacrylamide 99% (MBA), ethylene 

glycol dimethacrylate 98% (EGDMA), phosphate-buffered saline tablets (PBS), glacial 

acetic acid 99%, hydrochloric acid 36%, ammonium persulphate 98% (APS), N,N,N′,N′-

tetramethylethylenediamine 99.5% (TEMED), phosphate buffered saline tablets (PBS), 

N,N-dimethylformamide 99.8%, maleic anhydride, and tetraethyl orthosilicate for 

synthesis (TEOS) were all purchased from Sigma-Aldrich, UK.  
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Deionised water, methanol 99%, ethanol 99%, sodium dodecyl sulphate 99% 

(SDS), oxalic acid 98%, sodium chloride 99.5%, sodium bisulphite 95%, potassium 

persulphate 99%, 2-aminoethylmethacrylate hydrochloride 90%, dimethylaminoethyl 

acrylate 99%, human pepsin, human amylase, human lipase, iron (II) chloride 98%, iron 

(III) chloride 98%, 4-dimethylaminopyridine, and (3-aminopropyl)trimethoxysilane 98% 

(APTMS) were all purchased from ThermoFisher Scientific, UK. FindMag™ strong 

Neodymium magnets were purchased from Amazon, UK. All reagents were used as 

received, without further purification.  

UV spectra were collected using a Cary UV-Vis Compact, running on a Cary UV 

Workstation™, software version 1.0.1284 (Agilent, UK). IR spectra were collected using 

a ThermoScientific Nicolet iS5 Fourier transform infrared spectrometer running on 

OMNIC™ software. For thermogravimetric characterisation, a Mettler Toledo TGA/DSC 

1 Series – running on STARe™ software Version 10.00 – was used. DSC was performed 

on TA Instruments DSC25 Series, running on Trios™ software, v5.4.0.300. Visualisation 

of the developed polymers was carried out via scanning electron microscopy (SEM) 

using a Zeiss Evo-50 electron microscope, operating on Smart SEM™ software. 

Weighing of chemicals was performed using Sartorius handy balance-H51 (Hannover, 

Germany). Data analysis and calculations were performed using Origin™ 8.5 software 

(OriginLab Corporation, North Hampton, USA).  
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2.6.2. Pre-polymerisation study 

The aim of a pre-polymerisation study was to find a functional monomer capable 

of forming stable non-covalent bonds with the pepsin either through hydrogen bonds, 

van der Waals, or hydrophobic interactions. To be able to choose the appropriate 

monomer for the synthesis of highly selective magnetic MIPs, especially in water as a 

solvent, the stability of the template-monomer adduct had to be estimated. UV 

spectrometry was applied in a reported method to estimate possible interactions 

between the template and the suggested functional monomers (239).  

Therefore, UV spectrometry was applied in this work to measure any 

interactions between pepsin and a number of monomers through measuring the 

change on the original UV spectrum of pepsin.  Pepsin solution (0.5 mg mL-1) in water 

was titrated with 10 mmol L-1 solutions of different monomers including MAA, Am, AA, 

2-aminoethylmethacrylate hydrochloride, dimethylaminoethyl acrylate, and NIPAm. 

Those monomers were chosen due to their theoretical ability to form hydrogen bonds 

with either the amino or the carboxylic groups in the structure of pepsin. The collected 

UV spectra were compared to determine the monomer with the strongest interaction, 

identified by a noticeable shift from the original spectrum of pepsin. 

2.6.3. Synthesis of functionalised iron oxide nanoparticles  

2.6.3.1. Synthesis of iron oxide (magnetite) nanoparticles 

Among the previously discussed methods for the synthesis of magnetite under 

section 2.3, the chemical coprecipitation method was chosen due to its simplicity, 

greenness, and high yield. 
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Synthesis of magnetite (Fe3O4) was achieved according to a previously reported 

method with some modifications (231). Briefly, in 100 mL deionised water, 1.5 g of iron 

(II) chloride and 3.0 g of iron (III) chloride were dissolved and heated in a water bath 

under a continuous nitrogen stream with vigorous stirring at 1200 rpm. After reaching 

a temperature of 80 °C, 10 ml of 25% w/v ammonium hydroxide was added dropwise 

until reaching a pH of 10 to initiate the precipitation of the black iron oxide 

nanoparticles. After the complete precipitation, the obtained nanoparticles were 

collected using a neodymium magnet and washed with deionised water multiple times 

to remove excess ammonium and chloride ions. 

Factors including the ratio of iron (II) to iron (III) species, pH, and stirring speed 

were optimised to control the size and dispersibility of the produced nanoparticles. 

2.6.3.2. Functionalisation of magnetite 

 In order to direct the polymer chains to gather around the surface of magnetite 

nanoparticles, they had to be surface modified with specific functional groups that 

would draw the polymerisation mixture to their surface. The first step was the process 

of silanisation which introduced a thin layer of silicon dioxide (SiO2) around the surface 

of magnetite. Silanisation was carried out via TEOS, according to a reported method, 

with some modifications (240). Briefly, the resulting magnetite nano particles from the 

previous coprecipitation reaction were redispersed after washing into a mixture of 380 

mL of ethanol, 80 mL of deionised water, and 5 mL of 25% w/v ammonium hydroxide 

via ultrasonication. The mixture was heated to 30°C and 4 mL of TEOS were added 

dropwise. The mixture was left to react for 6 hours with continuous vigorous stirring.  
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The resulting silanised magnetite nanoparticles (Fe3O4-SiO2) were collected via 

a neodymium magnet and washed with ethanol and deionised water 4 times, then dried 

under vacuum at 70°C. 

The next step was the further functionalisation of Fe3O4-SiO2 to introduce amino 

groups on the surface via APTMS (240). Silanised magnetite (2.5 g) nanoparticles were 

dispersed in 200 mL of ethanol via ultrasonication followed by heating the solution to 

70°C. APTMS (4 mL) was then added dropwise over a period of 15 minutes. The mixture 

was allowed to react under a nitrogen gas atmosphere for 12 hours. The resulting 

magnetite nanoparticles (Fe3O4-SiO2-NH2) were collected with a neodymium magnet 

and washed with ethanol and deionised water 4 times, then dried under vacuum at 

70°C. 

The last step of functionalisation was the introduction of carboxylic groups via 

maleic anhydride (240). Fe3O4-SiO2-NH2 nanoparticles (1.2 g) were dispersed in 50 mL 

of N,N-dimethylformamide containing 400 mg of 4-dimethylaminopyridine and 5 g of 

maleic anhydride. The reaction was left overnight at 60°C and with continuous stirring. 

The product was collected with a neodymium magnet and washed with deionised water 

and ethanol four times and then freeze dried. 

2.6.4. Preparation of magnetic MIPs and NIPs 

The functional monomers that were assessed in the pre-polymerisation studies 

were tested in a series of prepared MIPs either alone or in a combination of two 

monomers. Moreover, different cross-linkers, initiators, and porogens were tested as 

well, in order to optimise the synthesis procedure to reach the MIPs with the highest 

possible selectivity. 
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It was a long procedure of testing different combination of monomers and cross-

linkers and applying different previously reported methods on similar targets. The 

outcomes would vary between no reaction at all to the formation of a solid bulk. 

Therefore, a wise approach and calculation of the ratios of monomer to cross-linkers to 

target was a necessity to reach the desired goal of selectivity. Table 2 summarises some 

of the trials conducted on the way to the optimum procedure which reflects the 

systematic approach followed during this course of development.  
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Table 2. Different combinations of monomers, cross-linkers, initiators, and solvents to synthesise magnetic MIPs and their outcome. 

Functional monomer Cross-linker Solvent Initiator Result 

MAA (0.9 mL)  600 mg (MBA) 30 mL water.  50 mg persulphate + 100 mg 
bisulphite.  

Polymerisation was fast with distinct particulates of 
polymer, however, after solvent evaporation the 
yield was very low, and product was flaky.  

MAA (1.2 mL)  600 mg  30 mL water.  50 mg persulphate + 100 mg 
bisulphite. 

Polymerisation was in 15 min. and particulates of 
black polymer were produced. 
 

MAA (1.4 mL)  600 mg  50 mL water. 50 mg persulphate + 100 mg 
bisulphite.  

Polymerisation was in 15 min and a bulky black 
polymer was produced with the excess water (20 mL) 
on top. 

MAA (1.4 mL)  600 mg   20 mL water + 10 mL MeOH 
(protic solvent). 
 

50 mg persulphate + 100 mg 
bisulphite. 

No polymerisation occurred over 48 hours. 

MAA (1.4 mL)  600 mg   20 mL water + 10 mL 
acetonitrile (aprotic solvent).  

50 mg persulphate + 100 mg 
bisulphite.  

Polymerisation occurred overnight with a 
transparent gel like polymer.  

MAA (1.4 mL)  200 mg  30 mL water  50 mg persulphate + 100 mg 
bisulphite.  

No polymerisation occurred over 48 hours. 

MAA (1.4 mL)  1 g  30 mL water  50 mg persulphate + 100 mg 
bisulphite.  
 

Big particulate brittle black polymers were produced 
with high yield. 

AA (1.2 mL)  600 mg   30 mL water.  50 mg persulphate + 100 mg 
bisulphite.  

Polymerisation occurred in half an hour with very 
fine particles difficult to collect. 

MAA + AA (0.9 + 0.3 
mL)  

600 mg  30 mL water.  50 mg persulphate + 100 mg 
bisulphite.  

Polymerisation occurred in half an hour with very 
fine particles difficult to collect. 
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Functional monomer Cross-linker Solvent Initiator Result 

MAA (1.4 mL)  600 mg   30 mL water.  10 mg persulphate + 20 mg 
bisulphite.  

No polymerisation occurred over 48 hours, only 
turbidity appeared. 

MAA (1.4 mL)  600 mg  30 mL water  50 mg persulphate + 25 mg 
bisulphite.  

No polymerisation occurred over 48 hours, only 
turbidity appeared. 

MAA (0.7 mL)  300 mg  15 mL water. 25 mg persulphate + 50 mg 
bisulphite. 

Polymerisation to a bulky black polymer after an 
hour.   

MAA (1.4 mL)  600 mg   30 mL water.  60 mg AIBN (UV initiation).  No polymerisation occurred over 48 hours. 

 
 

MAA (1.4 mL)  600 mg  30 mL PBS.  2 mL (1.5%) APS + 1mL (3.75%) 
TEMED.  

Polymerisation occurred overnight to black 
polymer particles. 

MAA (1.4 mL)   600 mg  30 mL water.  2 mL (1.5%) APS + 0.5 mL (3.75%) 
TEMED.  

Polymerisation occurred overnight to black polymer 
particles in MIPs’ flask only.  
 

MAA (1.2 mL)  EGDMA (0.65 
mL)  

30 mL water.  50 mg persulphate + 100 mg 
bisulphite.  

  

Fast polymerisation occurred producing black 
polymer particles, after drying it was brittle 
amorphous powder and easily ground.  

* All tests were performed with 200 mg bare magnetite.
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Overall, the optimal procedure was as follows: amino functionalised magnetite 

(250 mg) was dispersed in 30 mL of deionised water via ultrasonication followed by the 

addition of 14 mmol of MAA (1.2 mL), 8 mmol of EGDMA (0.6 mL) and 50 mg of pepsin. 

The solution was stirred for 1 hour to allow for pre-assembly with continuous nitrogen 

sparging to remove dissolved oxygen. Finally, 25 mg of potassium persulphate and 50 

mg of sodium bisulphite were added to initiate a free radical polymerisation reaction. 

After the complete formation of the brown polymer particles, they were collected by a 

neodymium magnet and washed with water four times to remove unreacted 

monomers and oligomers.  

To remove pepsin from the imprinted binding sites, MIPs were washed with a 

mixture of 1% w/v SDS/ and 10% v/v acetic acid. MIPs were stirred with this solution for 

4 hours to ensure complete template removal followed by washing with deionised 

water 5 times. UV spectrometry was used to detect pepsin in fractions of the washing 

solution to confirm complete washing. 

In order to compare the performance of MIPs and ensure their selectivity, 

control non-imprinted polymers (NIPs) were prepared using the same procedure 

without the addition of pepsin. Both MIPs and NIPs were dried under vacuum overnight 

at 70°C. Figure 11 illustrates the functionalisation of magnetite and the core shell 

imprinting process that was carried out on the surface of the functionalised magnetite 

nanoparticles in the presence of pepsin as a template. 
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Figure 11. Functionalisation of magnetite and synthesis of magnetic MIPs. 

2.6.5. Protein adsorption experiments 

A batch adsorption method at the room temperature (25°C ± 2°C) was used to 

assess the binding capacity of all the developed polymers. Briefly, 50 mg of the magnetic 

MIPs or NIPs were incubated with 20 mL of 0.5 mg mL-1 pepsin solution in water for 2 

hours on a mechanical shaker. Afterwards, polymers were collected by a neodymium 

magnet and the concentration of pepsin remaining in the solution was determined by 

UV spectrometry to calculate the amount in milligrams bound per gram of polymer (Q).  

In the case of incomplete template removal upon washing of MIPs, the problem 

of template bleeding can occur, in which case the template is released upon using the 

developed MIPs resulting in erroneously high results (241). To reduce the probability of 

template bleeding, a blank rebinding experiment was conducted simultaneously in 

which 50 mg of MIPs or NIPs were incubated with 20 mL of deionised water for 2 hours 

and the supernatant after magnetic separation was used as a blank for the UV 

measurements of pepsin. 
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Q (mg g-1) was calculated using equation 5: 

                                           𝑄 = (𝐶𝑖 − 𝐶𝑡). 𝑉/𝑚                                                       (eq. 5) 

where, Ci (mg mL-1) is the initial concentration of pepsin, Ct (mg mL-1) is the remaining 

concentration of pepsin after incubation time (t), V (mL) is the volume of solution, and 

m (g) is the mass of the polymers used in the experiment. All the tests were conducted 

in triplicate to ensure precision of the results. 

2.6.6. Calibration curve of pepsin via UV spectrometry 

In order to determine the concentration of pepsin in the supernatant of the 

solution after binding to MIPs or NIPs, it was essential to use a simple, fast, and reliable 

analytical method. UV spectrometry is a simple and useful analytical tool that was 

chosen for this purpose. Different concentrations of pepsin enzyme were prepared in 

water in the concentration range of 0.05 to 1.2 mg mL-1. Spectra of each standard were 

collected and stacked as shown in Figure 12. A calibration curve was constructed 

between the concentration in mg mL-1 and the absorbances at 270 nm, the lambda max 

for pepsin, from which the linear regression equation was computed.  

The linear regression equation was then used to calculate the concentration of 

pepsin in all the solutions from the subsequent protein binding experiments. 
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Figure 12. Stacked UV calibration spectra of pepsin. Inset: calibration curve of pepsin 

via UV (triplicate measurements). 

2.6.7. Characterisation of magnetic MIPs 

The morphology of the synthesised magnetite, amino functionalised magnetite, 

magnetic MIPs, and NIPs was investigated using SEM which enabled visual detection of 

the polymeric layers and an estimate of the particle size to confirm surface imprinting. 

A batch rebinding assay at the room temperature (25°C ± 2°C) was performed 

to determine the binding kinetics order and the time of equilibrium for both magnetic 

MIPs and NIPs. The same mass of both polymers (50 mg) was incubated with 20 mL of 

0.5 mg mL-1 of pepsin solution for different time intervals (t). The amount of pepsin 

bound per gram (Q) of magnetic MIPs or NIPs was computed for each time interval.  

 

 



 

92 
 

A similar batch adsorption experiment was conducted however using different 

concentrations of pepsin during a fixed time interval to determine the binding isotherm 

model for both magnetic MIPs and NIPs. 50 mg of MIPs or NIPs was incubated for 2 

hours with different concentrations of pepsin and the amount of pepsin bound per 

gram (Q) of MIPs or NIPs was calculated for each concentration. 

Binding selectivity was validated through comparing the binding of MIPs and 

NIPs to competitive analytes that can coexist with pepsin in human saliva. Amylase and 

lipase among other proteins were chosen for selectivity testing. A solution of each 

protein (20 mL of a 0.5 mg mL-1) was incubated with 50 mg of magnetic MIPs or NIPs 

for 2 hours, and the amount bound per gram (Q) was computed for each analyte and 

compared to that of pepsin. 

Thermal analysis was used to provide useful information about the relative mass 

ratio of the polymeric layer to the mass of magnetite in its core, the amount of adsorbed 

moisture, and the presence of any unreacted monomers or cross-linkers. The 

developed magnetic MIPs and NIPs along with functionalised magnetite were analysed 

using TGA with a temperature program set from 25 to 750 °C at a heating rate of 10 °C 

min-1 and a nitrogen gas flow rate of 50 mL min-1. In addition, DSC was conducted at a 

temperature range from 25 to 350 °C at a heating rate of 10 °C min-1. 

2.6.8. Development of dispersive solid phase extraction of pepsin via magnetic MIPs 

The developed magnetic MIPs were used as an adsorbent for the extraction of 

pepsin enzyme from aqueous solutions and saliva samples prior to quantitation. The 

eluting solvent and elution time were thoroughly optimised to achieve the utmost 

recovery of pepsin.  
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Herein, 50 mg of magnetic MIPs were incubated with different concentrations 

of pepsin standard solutions from 0.5 to 1.2 mg-1 mL on a mechanical shaker to extract 

the target. After two hours, the magnetic MIPs were collected by a neodymium magnet 

and eluted using PBS buffer (pH 7.2) for one hour, and the collected fractions were 

analysed by the newly developed HPLC-SEC method described in chapter 2, subchapter 

II. 

2.7. Results and Discussion  

2.7.1. Pre-polymerisation study 

The results of the pre-polymerisation study are shown in Figure 13 which reveals 

a reduction in absorption intensity on the spectrum of pepsin with all the tested 

monomers. However, the strongest shift was observed with MAA which indicated the 

formation of a strong and stable bond with pepsin. Nevertheless, since all the tested 

monomers caused a shift, they were further tested in the optimisation phase to verify 

the selectivity of their corresponding MIPs towards pepsin. Combinations of MAA and 

the other monomers were tested and compared to MAA derived MIPs as previously 

mentioned in Table 1. 
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Figure 13. UV spectra of pepsin solution titrated with potential monomers (average of 

triplicate measurements). 

2.7.2. Synthesis of functionalised magnetite 

Synthesis and surface modification of magnetite were performed according to 

previously reported methods for chemical coprecipitation method (231,240). However, 

in the reported method for silanisation of magnetite, dry magnetite nano particles were 

weighed and dispersed in ethanol prior to the reaction with TEOS. Upon replicating the 

same procedure, it was noted that the magnetite nanoparticles were severely 

aggregated after drying which resulted in very poor dispersibility prior to silanisation 

even with prolonged sonication. This aggregation was attributed probably to the high 

surface charge due to their very small particle size. As a result, a modified in situ 

silanisation reaction was adopted in which silanisation followed the synthesis of 

magnetite nanoparticles without an intermediate drying step.  
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Using this approach, the resulting nanoparticles (Fe3O4-SiO2) had a very good 

dispersibility and could be further modified with ease.  

Functionalisation of magnetite was confirmed by FT-IR spectroscopy for bare 

magnetite, silica, and amino modified particles. Figure 14 shows the IR spectrum of bare 

magnetite in which a band at 580 cm-1 corresponding to the vibration of the Fe-O bonds 

was prominent. In addition, two more peaks at 1633 cm-1 and 3400 cm-1 could be 

attributed to the stretching of the hydroxyl groups on the surface of magnetite. These 

results were in concordance with the IR spectrum for the reported method of synthesis 

(240). Further IR spectrum was collected for magnetite after silanisation in which an 

additional peak at ~ 1000 cm-1 corresponding to the stretching of the Si-O-Si bonds 

appeared. Moreover, the IR spectroscopic analysis of the amino functionalised 

magnetite showed a double peak at ~ 3600 cm-1 corresponding to the stretching of the 

N-H bond. The new peaks after silanisation and amination provided proof of successful 

surface modification of bare magnetite nanoparticles (242). 
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Figure 14. Infrared spectra of bare magnetite, silica functionalised magnetite (Fe3O4-

SiO2), and amino functionalised magnetite (Fe3O4- SiO2-NH2). 

The surface modification of magnetite should ideally involve functional groups 

that attract the template-monomer adduct to its surface. Since the isoelectric point of 

pepsin is relatively low (3.24) (243), this means that at the working pH of the 

polymerisation solution (6 – 8), pepsin would be negatively charged. Therefore, amino 

functionalisation of magnetite would result in the presence of positively charged amino 

groups on the surface that would attract the negatively charged pepsin molecules 

resulting in electrostatic bond formation. Hence, amino functionalised magnetite 

nanoparticles were suitable for the synthesis of magnetic MIPs for pepsin since they 

provided more points of interaction. Meanwhile, carboxyl surface modification would 

result in negatively charged carboxylic groups that would repel pepsin molecules 

resulting in poor selectivity in the resulting MIPs. This hypothesis was further confirmed 

by comparing the binding performance of MIPs prepared using bare magnetite, amino 

functionalised magnetite, and carboxyl functionalised magnetite.  
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It was found that MIPs prepared with amino functionalised magnetite had the 

highest binding capacity indicated by the value of Q, as shown in Figure 15. 

 

Figure 15. Optimisation of the type of magnetite functionalisation(average of triplicate 

measurements).. 

2.7.3. Synthesis and optimisation of magnetic MIPs 

Since MAA showed the strongest interaction in the pre-polymerisation studies, 

it was tested alone or in combination with other monomers as stated in the 

experimental section. MIPs and their corresponding NIPs were prepared from MAA, 

MAA with AA, MAA with Am, MAA with NIPAm, MAA with 2-aminoethyl methacrylate 

hydrochloride, and MAA with dimethylaminoethyl acrylate, using MBA as cross-linker 

and deionised water as porogen. The mixture of MAA with either 2-aminoethyl 

methacrylate hydrochloride or NIPAm did not polymerise under the specified 

polymerisation conditions.  
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The mixture of MAA with dimethylaminoethyl acrylate produced hydrophobic 

polymers that had very poor dispersibility in water which would compromise the 

application in aqueous media. Finally, Figure 16 shows the difference in binding 

performance indicated by (Q) for the three magnetic MIPs prepared with MAA and their 

corresponding magnetic NIPs. It was concluded that the mixture of MAA with Am was 

the optimum combination of monomers. 

 

Figure 16 Optimisation of the type of monomer(average of triplicate measurements).. 

Two cross-linkers were tested, namely, MBA and EGDMA in different 

concentrations. From Figure 17, it is obvious that EGDMA provides a better binding than 

MBA. Nonetheless, when EGDMA was tested with MAA and Am as functional 

monomers, the binding was significantly reduced. Therefore, MAA was used alone as 

functional monomer with EGDMA as cross-linker which gave an unprecedented binding 

capacity for magnetic MIPs. Moreover, the concentration of EGDMA was optimised as 

well, as shown in Figure 18.   
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The 4 mmol concentration gave a higher Q value for MIPs, however the 8 mmol 

concentration provided a better selectivity difference between magnetic MIPs and 

NIPs, therefore it was chosen as the optimum concentration. 

 

Figure 17. Optimisation of the type of cross-linker(average of triplicate 

measurements). 

 

Figure 18. Optimisation of the concentration of cross-linker(average of triplicate 

measurements). 
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Due to the very poor solubility of pepsin in organic solvents, only water and 

aqueous buffers were tested as porogens. However, polymerisation in water is 

challenging as mentioned before since water molecules can disrupt the hydrogen bonds 

between the monomers and the template. Nevertheless, the careful choice of 

monomer, the presence of useful functional groups in both the monomer and the solid 

core, along with the appropriate pre-assembly time can help alleviate the problem. 

Upon testing deionised water and PBS buffer (pH 7.2) as porogens, deionised water 

gave slightly better rebinding results, so it was selected as the optimal solvent. 

There are different types of initiators that can be used to start a free radical 

polymerisation, these include mainly azo initiators and oxidising agents (36). Since the 

application of heat (mostly required for azo initiators) can affect the conformation of 

pepsin, oxidising agents with low activation energy were chosen for initiation. Mixtures 

of APS and TEMED, and potassium persulphate and sodium bisulphite were tested in 

different ratios. APS and TEMED mixtures required a much longer time to initiate the 

reaction in comparison to a persulphate and bisulphite mixture, therefore the latter 

was used in this work. Different ratios of bisulphite to persulphate were tested including 

1:1, 2:1, and 1:2. The optimum ratio was 2:1 which initiated the reaction at reasonable 

speed and produced magnetic MIPs with the strongest binding, as shown in Figure 19. 
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Figure 19. Optimisation of the ratio of initiators(average of triplicate measurements). 

The amount of pepsin was also optimised as it was important to achieve an 

optimum ratio of monomer to target that would not compromise the selectivity. Figure 

20 shows that the optimum amount of added pepsin is 50 mg (~ 1.4 µmol).  

 

Figure 20. Optimisation of the amount of pepsin(average of triplicate measurements). 



 

102 
 

Moreover, the pre-assembly time between pepsin and the monomer is a critical 

factor that also needed to be optimised, especially applying water as a solvent. 

Experiments with 0, 1, 2, and 3 hours of pre-assembly, showed that 1 hour was 

sufficient to achieve the strongest assembly, which was reflected in the binding of the 

corresponding magnetic MIPs, as shown in Figure 21. 

 

Figure 21. Optimisation of the pre-assembly time(average of triplicate measurements). 

Removal of the template after polymerisation is a very important step to free 

the binding sites for further rebinding of target analyte in different samples. Incomplete 

template removal can result in reduced sensitivity of MIPs due to the limited availability 

of the binding sites. In addition, these trapped template molecules can cause template 

bleeding (126). Since pepsin is a huge target (34.5 KDa), its removal was a tricky step 

and needed to be considered thoroughly. Therefore, it was important to ensure 

complete template removal, through the selection of the best washing solvent, 

optimisation of the washing time and number of washing cycles.  
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Reported solutions for washing of protein targets in literature included solutions 

of oxalic acid (0.5 mol L-1), PBS (0.02 mol L-1, pH 7.2), sodium chloride (0.5 mol L-1) and 

mixture of 1%w/v SDS and 10%v/v acetic acid (36). Therefore, all these solutions were 

assessed for complete pepsin enzyme removal. It was found that the mixture of SDS 

and acetic acid was the most successful in removing the template, as indicated by the 

UV measurements of the washing solutions. This was also verified by the high selectivity 

of the magnetic MIPs washed using this solution in comparison to the same magnetic 

MIPs washed with the other solutions. The optimal washing procedure involved the use 

of 75 ml of SDS/acetic acid solution with vigorous stirring for 4 hours followed by 

washing with deionised water 5 times to completely remove any traces of the SDS and 

acetic acid. 

Due to the protein nature of pepsin enzyme, testing different reaction 

temperatures was restricted to temperatures around the average physiological 

temperature (37°C). Therefore, different temperatures in the range of 15 to 45°C in 

addition to the room temperature (25°C) were tested during the polymerisation 

reaction. However, it was found that temperature does not have any effect on the 

selectivity of the produced magnetic MIPs. Alternatively, higher temperatures only 

expedited the polymerisation reaction and lower temperatures made it slower. 

Similarly, different pHs were tested during the polymerisation to study the 

effect of pH on the selectivity of the resulting magnetic MIPs. Yet again, due to the 

protein nature of pepsin, pH could significantly affect the conformation of pepsin in 

solution resulting in binding sites that do not match the actual pepsin in saliva samples.  
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Therefore, only pHs in the range of the pH of human saliva (6 to 8) were tested 

using PBS buffers in addition to deionised water (pH 6.8). Results showed that 

polymerisation in water produced magnetic MIPs with higher selectivity than all the 

other magnetic MIPs produced at different pHs. 

2.7.4. Characterisation of magnetic MIPs and NIPs 

2.7.4.1. Physical characterisation  

SEM was used to determine the surface morphology and relative size range of 

the developed magnetite nanoparticles, magnetic MIPs and magnetic NIPs. From the 

images shown in Figure 22, the formation of the polymeric layer on the surface of 

magnetite nanoparticles could be visually detected in Figures 22c and 22d. This was 

further confirmed by the determination of particle size of magnetite, MIPs and NIPs. 

The measured diameter of amino functionalised magnetite was 75 nm, while that of 

NIPs and MIPs was 134 nm and 169 nm respectively. The increase in diameter of the 

polymer was consistent with the surface imprinting on magnetite nanoparticles. 

Furthermore, the slightly bigger diameter of MIPs could be attributed to the presence 

of wider imprinted cavities in MIPs compared to NIPs. 
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Figure 22. SEM pictures of (a) bare magnetite (Fe3O4) 75nm, (b) amino functionalised 

magnetite (Fe3O4-SiO2-NH2), (c) magnetic MIPs 169 nm, (d) magnetic NIPs 134 nm. 

2.7.4.2. Functional characterisation  

From the graphical representation of the binding kinetics study shown in Figure 

23, it was estimated that the maximum binding for magnetic MIPs occurred after 2 

hours which could also be considered as the equilibrium time. The fast-binding kinetics 

were due to the application of surface imprinting technique which confined all the 

binding sites on the surface to enable rapid binding and release. This provided an 

explanation to a problem that was encountered during the development phase. At the 

very early stages of development of the magnetic MIPs, the protein binding assays were 

performed for 4 hours according to a reported method for another similar target 

protein (240).  
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However, magnetic NIPs showed equivalent or even higher binding than the 

corresponding MIPs which was very confusing. Following this issue, a binding kinetics 

experiment was conducted which showed that the optimal binding time for magnetic 

MIPs was 2 hours and not 4 hours. Moreover, after 4 hours, pepsin started to be 

released again into the solution which accounted for the reduced binding in comparison 

to NIPs which had their maximum binding at 4 hours as reflected in Figure 23. 

 

Figure 23. Binding kinetics of magnetic MIPs and NIPs(average of triplicate 

measurements). 

To be able to understand the binding mechanism of pepsin to the imprinted 

polymers, both pseudo first order and pseudo second order kinetics’ models were 

computed to fit the adsorption data. From Table 3, it was determined from the value 

of R2 that pseudo second order is a much better fit for the experimental data, which 

suggests that binding is governed by a chemical adsorption mechanism. 
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Table 3. Binding kinetics parameters for the adsorption of pepsin on magnetic MIPs and 

NIPs applying two binding orders. 

Pseudo first order parameters 

MIPs NIPs 

K1 (min -1) Qe (mg g-1) R2 K1 (min -1) Qe (mg g-1) R2 

0.00425 24.6 0.0426 0.00228 44.9 0.111 

Pseudo second order parameters 

MIPs NIPs 

K2 (g mg-1 min-1) Qe (mg g-1) R2 K2 (g mg-1 min-1) Qe (mg g-1) R2 

0.0396 152 0.997 0.0520 127 0.992 

K1 and K2 are the first and second order rate constants respectively, Qe is the amount of pepsin adsorbed 

per gram of polymer at equilibrium, and R2 is the linearity coefficient. 

The results of the binding isotherm experiment are shown in Figure 24 in which 

a linear relationship between the concentration of pepsin and Q was observed. This 

linear relationship indicated that the adsorbed amount increased with increasing 

concentration until a maximum concentration was reached, after which all the binding 

sites would be saturated. However, higher concentrations of pepsin could not be 

actually tested via UV spectrometry due to the cloudy nature of their solutions.  

 

Figure 24. Binding isotherm of magnetic MIPs and NIPs(average of triplicate 

measurements). 
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The binding isotherm data was fitted into Langmuir and Freundlich isotherm 

models to determine if the adsorption of the target is in a monolayer or in multiple 

layers and if the binding sites are homogenous or heterogenous in nature. From Table 

4 the experimental data reflected a better fit with the Langmuir adsorption isotherm 

suggesting that the adsorption of pepsin on the surface of MIPs is in a monolayer form 

on homogenous binding sites. 

Table 4. Adsorption isotherm parameters of magnetic MIPs and NIPs applying two 

models. 

Langmuir isotherm 

MIPs NIPs 

KL (L mg-1) Qmax (mg g-1) RL R2 KL (L mg-1) Qmax (mg g-1) RL R2 

5.45 770 0.234 0.981 17.2 355 0.132 0.963 

Freundlich isotherm 

MIPs NIPs 

n KF R2 n KF  R2 

2.37 509 0.935 1.69 937 0.941 

KL and KF are the Langmuir constant and Freundlich constant respectively, Qmax is the theoretical 

maximum adsorbed concentration, RL is the separation factor (1/1+Ceq.KL), n is the variation trend 

coefficient for the adsorption isotherm, and R2 is the linearity coefficient. 

In order to confirm the selectivity of the developed magnetic MIPs to pepsin, the 

binding of optimum MIPs was compared to the binding of the corresponding NIPs to 

calculate the imprinting factor (IF). 

                                                 𝐼𝐹 =
𝑄𝑀𝐼𝑃𝑠 

𝑄𝑁𝐼𝑃𝑠
                                                              (eq. 6) 

The value of IF at the concentration of 0.5 mg mL-1 of pepsin was 1.34 indicating a 

significant difference in selectivity between magnetic MIPs and NIPs. 
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However, for a further confirmation of the selectivity of MIPs, it was better to 

compare the binding with the target (pepsin enzyme) to the binding with other 

competitive analytes. Amylase (58.4 kDa) and lipase (48 kDa) were chosen as 

competitive analytes as they are naturally occurring enzymes in the human saliva along 

with thrombin and ɣglobulin. The selectivity factor (α) for every competitor analyte was 

calculated using equation 7.  

                                                         𝛼 =
𝑄𝑀𝐼𝑃.𝑡𝑎𝑟𝑔𝑒𝑡

𝑄𝑀𝐼𝑃.𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑜𝑟
                                                 (eq. 7) 

As demonstrated in Figure 25, The values of α were 3.17 and 9.52 for amylase 

and lipase respectively, indicating higher selectivity towards pepsin. 

 

Figure 25. Binding selectivity of magnetic MIPs and NIPs to pepsin compared to other 

proteins (average of triplicate measurements). 

The developed magnetic MIPs were tested for the number of times they could 

be used to adsorb and desorb pepsin with no loss in the binding capacity or selectivity 

as well as the magnetic quality.  
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From Figure 26, it could be observed that the binding of MIPs remained almost 

the same during the first three cycles of usage, however, it started to decline after the 

fourth cycle, reaching a much lower value on the fifth cycle. Moreover, the developed 

polymers did not show any reduction in the magnetic properties and could still be 

completely separated from solution using neodymium magnet. Therefore, the magnetic 

MIPs could be used safely for three consecutive cycles, which contributed to the 

economic value of the developed MIPs and made them suitable for commercial 

applications. 

 

Figure 26. Reusability of the developed magnetic MIPs expressed as cycles of 

adsorption and desorption(average of triplicate measurements). 
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2.7.4.3. Thermal characterisation  

TGA thermograms represented in Figures 27a1 & 27a2 for both magnetic MIPs 

and NIPs, didn’t not show any noticeable difference between both curves, which was 

expected as there is no chemical structural difference between the two materials. 

Decomposition occurred at almost 430 °C accompanied by almost 75% mass loss 

followed by a plateau corresponding to the mass of the residual magnetite. 

As for DSC analysis, two endothermic peaks were observed for both MIPs and 

NIPs, again with no noticeable difference, as illustrated in Figures 27b1, b2 & b3. The 

first peak at ~ 100°C corresponded to evaporation of moisture, while the second peak 

corresponded to the melting of the polymeric layer at around 257°C. The curve for 

amino functionalised magnetite showed only one endothermic peak representing the 

evaporation of moisture similar to the peak observed for NIPs and MIPs. 

 

Figure 27. Thermal characterisation (a1) TGA thermograph of MIPs (a2) TGA 

thermograph of NIPs. (b1) DSC curve for (Fe3O4-SiO2-NH2), (b2) DSC curve for MIPs, 

(b3) DSC curve for NIPs. 
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2.7.5. Dispersive solid phase extraction of pepsin from aqueous solutions  

The conditions for extraction and elution of pepsin using the developed 

magnetic MIPs were studied wisely. Different eluting solvents were tested for their 

ability to completely elute pepsin adsorbed to the magnetic MIPs. Water was tested 

alone and with application of ultrasound waves, however in both cases the elution was 

not satisfactory. This can be attributed to the fact that it is very difficult to completely 

extract an analyte from water to water. Ultrasonic waves did improve the extraction, 

yet it was still not high enough and pepsin molecules were still trapped inside the MIPs’ 

binding sites. 0.01 mol L-1 HCl (pH ~2.4) was tested as an eluting solvent, but the elution 

was worse than that obtained by water. Finally, PBS (0.02 mol L-1, pH 7.2) buffer was 

tested and here the recovery of pepsin reached ~ 85%, which was greater than all the 

obtained values from the other tested solutions and hence it was selected as the eluting 

solvent. This percentage is among the highest recovery percentages from MIPs (38). In 

addition to trying different eluting solvents, different elution times (0.5, 1, 2 and 3 

hours) were tested to select the time corresponding to the complete release. It was 

found that the optimal time corresponding to maximum release was 1 hour. As a result, 

the optimum elution process was to stir the magnetic MIPs with PBS buffer (0.02 mol L-

1, pH 7.2) for 1 hour, after which the bound pepsin was released. The short time of 

release was considered an advantage for the developed MIPs which again highlights the 

benefit of applying surface imprinting technique. The produced fractions of released 

pepsin were then quantified via the newly developed HPLC-SEC method mentioned in 

detail in chapter 2, subchapter II. 
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2.8. Potential application of magnetic MIPs in treatment of GERD and ulcers 

As  mentioned previously, pepsin contributes to the damage to the gastric 

mucosa in the cases of peptic ulcers (211). Therefore, denaturing excess pepsin can help 

with the symptoms, reduce the pain, and have a great therapeutic value.  

Magnetic hyperthermia is a property that relies on the use of alternating 

magnetic field (AMF) to induce magnetic nanoparticles to release heat. Hence, due to 

the presence of magnetite in the core of MIPs, applying AMF after binding with pepsin 

can cause heat denaturation of excess pepsin in the stomach in a very simple, non-

invasive and easily controlled process. This procedure has proven to be very effective 

before to denature green fluorescent protein (244). Therefore, the combined use of 

magnetic MIPs to selectively target pepsin, and magnetite in their core to inhibit it, can 

be a very promising tool to efficiently help patients with GERD after appropriate toxicity 

testing.   

2.9. Conclusion 

In the course of this work, novel magnetic MIPs were engineered specifically for 

the selective binding and extraction of the pepsin enzyme. These magnetic polymers 

exhibited a multitude of advantages, including selectivity, reproducibility, reusability, 

ease of synthesis, and cost-effectiveness. Rigorous optimisation of all synthesis 

parameters was meticulously undertaken to ensure not only maximum selectivity but 

also the highest efficiency in separation. A comprehensive characterisation of the 

magnetic MIPs was conducted using various methods, encompassing morphological, 

functional, and thermal analyses, thereby establishing their validity.  
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The magnetic MIPs were applied to selectively extract pepsin from both standard 

solutions and saliva samples using dispersive solid-phase extraction. The incorporation 

of a magnetic core facilitated swift and straightforward separation after extraction and 

the extracted pepsin was easily released within 1 hour.
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Subchapter II. Development of a new high-performance liquid 

chromatography - size exclusion chromatography (HPLC-SEC) method for 

the determination of pepsin enzyme  

2.1. Background 

HPLC is one of the simplest and most common techniques of analysis for a wide 

range of analytes starting from small molecules reaching to huge macromolecules. 

However, the nature of the stationary phase and the mobile phase are completely 

dependent on the nature of the target analyte. Therefore, in developing a new HPLC 

method, careful consideration must be given to the properties of the target analyte or 

the mixture of analytes to be determined. Properties like molecular weight, pKa, 

solubility, log P, chemical structure, and others can directly affect the separation, peak 

resolution, and quantitation of the analyte (245).  

In the literature search for previously reported analytical methods for the 

determination of pepsin, a notable trend emerged, wherein pepsin was predominantly 

employed not as an analyte but as a crucial tool for analytical processes. Given its 

intrinsic digestive properties, pepsin finds extensive application in the enzymatic 

digestion of large protein analytes, effectively facilitating their subsequent analysis by 

simplifying their molecular structure (246,247). Another group of papers were focused 

on the determination of the enzymatic activity of pepsin and how it might be influenced 

by the presence of other molecules (248,249). However, very few papers were 

concerned with the analysis of pepsin itself as a biomarker for GERD. These papers were 

mentioned in detail in chapter 1, subchapter II, section 1.6.1.2 along with a critical 

review of their drawbacks (219–223). 
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The primary objective of this chapter extended beyond the development of an 

extraction method; it encompassed the quantification of pepsin concentrations to 

facilitate diagnostic outcomes. Consequently, the imperative arose to devise a novel 

analytical method for determining the concentrations of pepsin fragments extracted 

through the developed magnetic MIPs.  

2.2. Advantages offered by HPLC analysis for proteins 

HPLC stands out as a powerful analytical technique, particularly for the analysis of 

proteins, offering several advantages over traditional methods like UV spectroscopy. 

The advantages of HPLC in protein analysis are numerous and contribute to its common 

use in various scientific areas. 

• HPLC provides excellent sensitivity, allowing the detection of proteins even at 

low concentrations.  

• The technique offers high selectivity due to the ability to choose specific 

separation conditions, such as column type, mobile phase composition, and 

gradient profiles. 

• Coupling HPLC with MS enhances the analytical capabilities for protein 

identification. This combination allows not only for separation, but also mass-

based detection, improving specificity and facilitating structural elucidation. 

However, due to the limitations of the mass range of the MS detector on site at 

Kingston, it was resolved to employ UV detection. 

 

 



 

117 
 

• HPLC typically requires smaller sample volumes compared to UV spectroscopy, 

making it suitable for applications with limited sample availability or when 

dealing with precious biological samples. This is useful due to the small volume 

of saliva samples collected from GERD patients. 

• Automation of HPLC processes ensures reproducibility, reducing the likelihood 

of human error and improving overall data quality.  

Size Exclusion Chromatography (SEC), when integrated into HPLC, presents distinct 

advantages for protein analysis, particularly when compared to traditional C18-based 

methods. One particular merit lies in SEC's ability to separate proteins based on their 

size and molecular weight, offering insights into their structure and oligomeric state. 

Unlike C18, SEC enables the analysis of intact proteins without denaturation or 

modification, ensuring the preservation of their native conformation and functional 

characteristics. Additionally, SEC is non-destructive, allowing for the recovery of 

separated protein fractions for further analysis or downstream applications. In contrast 

to C18, SEC offers enhanced selectivity for large biomolecules, reducing interference 

from small molecules often observed in traditional reversed-phase chromatography. In 

essence, the incorporation of SEC into HPLC not only enhances the precision and 

reliability of protein analysis but also provides distinct advantages over C18 

methodologies. 
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2.3. An attempt to replicate the reported LC-MS method for pepsin 

The reported LC-MS method for the analysis of pepsin was initially tested to 

determine the concentration of pepsin extracted via the magnetic MIPs (219). The 

enzyme endoproteinase AspN was purchased from New England Biolabs (UK) and was 

freshly prepared in Tris buffer (10 mmol L-1, pH 7.5) as instructed by the manufacturer 

to the final concentration of 2ng mL-1. The prepared enzyme solution was then used 

according to a modified reported procedure to digest pepsin for a bottom-up LC-MS 

analysis (219). 

The modified procedure was adopted from the reported paper despite its 

complexity. Herein, 450 µL of pepsin solution (200 ng mL-1) were added to 300 µL of 

ammonium bicarbonate solution (pH 7.9) followed by 160 µL acetonitrile and finally 

187.5 µL of AspN enzyme. The mixture was incubated for digestion at 37 °C for 16 hours. 

Five microliters of the sample were injected into the analytical LC-MS system 

Agilent 1260 Infinity coupled with a 6430 Triple Quad LC/MS. The LC column used for 

the analytical method was a Synergy 4µm Fusion-RP 80 Å (150 x 2 mm) column from 

Phenomenex, UK. The mobile phase consisted of 0.1% formic acid solution in water (pH 

3) running at a flow rate of 0.2 mL min-1. The mass detection was operated at selected 

reaction monitoring (SRM) mode with a mass detection range from 500 to 2250 (which 

the maximum mass detected by the machine). 

The reported method used the ions 662.85 [M+2H]2+ to 1039.53 (b10
+) for 

quantitation. However, the obtained chromatograms did not show any peaks even after 

increasing the concentration of pepsin.  
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Therefore, it was concluded that the masses of the resulting fragments of pepsin 

after digestion were too big for the detection range of the available machine. 

Additionally, the reported procedure was not accurate and needed further study and 

experience in proteomics which was not available at the time. 

2.4. Aims and objectives of this work 

• Development of a robust HPLC method for the analysis of pepsin enzyme, 

integrating SEC technique. 

• Exploration of the suitability of SEC for enhanced separation of pepsin, 

optimising parameters such as column selection, mobile phase composition, 

flow rate, and detection wavelength. 

• Validation of the developed method's performance in terms of sensitivity, 

selectivity, accuracy, and reproducibility through systematic experimentation 

and analysis. 

• Assessment of the applicability of the method in the biological matrix in which 

pepsin exists; saliva. 

• Evaluation of the method's selectivity by analysing the effects of potential 

interfering substances commonly found in saliva such as lipase and amylase. 

• Integration of the developed magnetic MIPs to the developed HPLC method in 

order to devise a new diagnostic method for GERD. 
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2.5. Experimental 

2.5.1. Materials and instrumentation 

Phosphate-buffered saline (PBS) tablets (pH 7.2), sodium acetate 99%, glacial 

acetic acid 99%, Tris base 99.9%, hydrochloric acid 36%, phosphoric acid 85%, sodium 

hydroxide (98%) and arginine were all purchased from Sigma-Aldrich, UK. HPLC grade 

water, HPLC grade methanol (MeOH), HPLC grade acetonitrile (ACN) human pepsin, 

human amylase, human lipase, bovine thyroglobulin, myoglobin, immunoglobulin G, 

and sodium chloride were purchased from ThermoFisher Scientific (UK). 

The HPLC-SEC method was performed on a LC Agilent 1260 Infinity ii (Agilent, 

UK) equipped with: 1260 Vial Sampler G7129A, Variable Wavelength Detector 1260 

G7114A, Quat Pump VL 1260 G7111A, and a Biozen 1.8 µm dSEC-2, 200 Å LC column 

with the dimensions of 150 x 4.6 mm (Phenomenex, UK). The system control and data 

acquisition of the HPLC were performed by Chemstation™ C.01.10 software (UK). 

Filtration of buffer solutions and samples was carried out using 0.20 μm cellulose 

nitrate membrane filters (Whatman Laboratory Division, Maidstone, UK). Adjustment 

of the pH of the mobile phase was performed using a Jenway™ 3510 pH meter (UK). 

Weighing of chemicals was performed using Sartorius handy balance-H51 (Hannover, 

Germany). Data analysis and calculations was performed with Origin™ 8.5 software 

(OriginLab Corporation, North Hampton, USA).  
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2.5.2. Preparation of standard solutions 

A stock solution of pepsin (0.5 mg mL-1) was freshly prepared by transferring 

accurately weighed 25 mg of pepsin into a 50 mL volumetric flask containing 30 mL of 

PBS buffer (pH 7.2), the mixture was sonicated for 10 min., and completed to the mark 

with the same solvent. Stock solution of the internal standard (IS) (2.5 µg mL-1) was 

prepared by dissolving 25 µg into 10 mL volumetric flask containing 5 mL of PBS buffer 

(pH 7.2), the mixture was sonicated for 10 min. and completed to the mark with the 

same solvent. The working solutions were prepared by appropriate dilutions from the 

stock solution with PBS buffer to obtain suitable concentrations within the desired 

linear range of pepsin (0.5 – 150 μg mL-1). The stock and the working solutions of pepsin 

and IS were freshly prepared before analysis. 

2.5.3. Preparation of spiked saliva samples 

This study was conducted in agreement with the declaration of Helsinki 

principles and under the rules of UK Human Tissue Act (HTA) 2004 and received a full 

ethical approval from Kingston University Ethics Committee under Ethics Code 2895. 

Saliva samples were collected from one subject after rinsing the mouth three times with 

water, centrifuged at 4500 rpm for 30 minutes and then used immediately.  Aliquots of 

saliva (150 µL) were then spiked with different volumes of standard pepsin solution and 

vortex mixed for 1 minute. To extract the spiked pepsin, 50 mg of the developed 

magnetic MIPs were added to the spiked saliva samples followed by addition of HPLC 

water to make a final volume of 10 mL. Samples were then incubated on a mechanical 

shaker for 2 hours. A neodymium magnet was used to separate the magnetic MIPs from 

solution and 5 mL of PBS buffer were used to elute pepsin from MIPs’ binding sites for 

1 hour.  
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After magnetic separation, triplicate injections of 20 µL of each of the extracted 

samples were injected into the HPLC-SEC system after filtration through a 0.20 μm 

cellulose nitrate membrane filter and the addition of the IS. Peak area ratios were 

plotted against the concentration in µg mL-1 to obtain a calibration curve and calculate 

the linear fit equation in saliva. 

2.5.4. Optimisation of the developed HPLC method for pepsin 

A working solution of 100 µg mL-1 was used throughout the entire optimisation 

procedure. 

2.5.4.1. Choice of stationary phase (the column) 

 The analysis started using the conventional C18 column as a stationary phase 

for separation of pepsin. However, the peak became very distorted and split with 

significant tailing. Other columns including C8, C4, and phenyl columns were tested, yet 

similar results were obtained every time in which distorted peak or multiple peaks 

emerged despite using different mobile phases. In an attempt to understand the reason 

behind the shape of the resulting peak, a literature search was carried out for possible 

reasons and methods to mitigate this problem. It was found that in most cases, the use 

of conventional reversed phase columns for the analysis of proteins is not always a 

straightforward process (250). As a result, it was not useful for the analysis of pepsin as 

it caused denaturation and unfolding of the protein causing very irregular and 

unreproducible peak shape and sometimes many split peaks. Consequently, SEC was 

chosen for the analysis of pepsin enzyme due to its ability to separate large 

biomolecules. In which case, a SEC column would separate pepsin from other cross-

reactors and the internal standard depending only on the size.  
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Therefore, pepsin molecules would pass between the pores of the column 

without any interaction that can cause unfolding or denaturation. In addition, the use 

of SEC would enable the determination of the efficiency of the extraction procedure 

and the presence of any other proteins in the extracted samples.  

2.5.4.2. Choice of the mobile phase 

In order to obtain a good peak shape, the method was meticulously optimised 

by testing different buffer compositions, pHs, ionic strengths, and concentrations. Since 

pepsin is only soluble in aqueous solutions, organic solvents were ruled out to avoid the 

precipitation of the protein in the column. Phosphate buffer, acetate buffer and Tris 

buffer covering a pH range from 2.5 to 7.5 were tested as mobile phases to give the 

best peak shape. In addition, different concentrations of the buffer solutions including 

0.01, 0.02, 0.05 and 0.1 mol L-1 of the optimum buffer were applied to investigate their 

influence on the resulting peak. Moreover, sodium chloride solution (200 mmol L-1 ) as 

ionic strength modifier was added to the optimum buffer to study its contribution in 

the separation efficiency.  

2.5.4.3. Choice of internal standard 

In order to ensure the reproducibility of the results and avoid any instrumental 

error, an internal standard had to be added. Since pepsin has a molecular weight of 

about 34.5 kDa and a hydrodynamic radius (Rh) of about 3 nm (30 Å) (251), any protein 

with an Rh value of 55 - 80 Å would be suitable to the linear range for the applied 

column, which is about 25 - 80 Å.  
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Different proteins were tested as internal standards such as bovine 

thyroglobulin (86 Å)(251), human ɣ-globulin (51 Å)(251), and myoglobin (18.4 Å)(251) 

to select a protein with a suitable retention time and a good separation from the peak 

of pepsin.  

2.5.5. Validation of the developed HPLC-SEC method 

The developed method was validated according to the ICH guidelines (252). 

Linearity was verified at eight different concentrations of pepsin with a fixed 

concentration of the internal standard (2.5 µg mL-1) through triplicate injections of each 

concentration level and applying the linear regression equations to the resulting peak 

area ratios.  

Accuracy and precision were evaluated across three different concentration 

levels of pepsin including high, medium, and low. Triplicate injections of each 

concentration were measured within the same day for accuracy and intraday precision 

and within three consecutive days for inter-day precision. Herein, accuracy was 

expressed as a percentage of recovery from the regression equation and precision was 

expressed as relative standard deviation percentage (%RSD).  

To estimate the sensitivity of the developed HPLC-SEC method, the limit of 

detection (LOD) and the limit of quantitation (LOQ) were practically tested through 

injecting very low concentrations of pepsin (0.05 to 0.2 µg mL-1) and calculating the 

signal to noise ratio (S/N). LOD and LOQ were then defined as the concentrations giving 

S/N value of 3 and 10 respectively.  
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In addition, to ensure the robustness of the developed method, minor changes 

in the chromatographic conditions such as flow rate, pH and concentration of buffer 

were applied to assess their influence on the peak area ratio and method performance.  

Finally, the system suitability parameters were calculated for a representative 

chromatogram which included retention factor, separation factor, resolution, number 

of theoretical plates, height equivalent to theoretical plates and tailing factor. 

2.5.6. Chromatographic conditions 

A mobile phase consisting of 0.02 mol L-1 phosphate buffer (adjusted to pH 3.0 

with o-phosphoric acid (85%) and 1 mol L-1 sodium hydroxide solution) was used at a 

flow rate 0.35 mL min-1 to separate and quantify pepsin. Aliquots of 20 µL of each 

sample were injected into the system at ambient temperature. Detection was 

performed at wavelength of 270 nm for both pepsin and IS. 

2.6. Results and Discussion 

2.6.1. Optimisation of the HPLC-SEC method 

Due to the use of SEC column for HPLC analysis of pepsin, the tested mobile 

phases were limited to aqueous solutions only. It was noted that the peak of pepsin 

became very distorted at high pH values in the range (5.0 to 7.5). However, the shape 

of the peak got significantly better at lower pH values (2.5 to 3.5) with pH 3.0 being the 

optimum value. This could be related to the unfolding of the protein structure at higher 

pH values compared to the lower pH in which it normally exists in the stomach (pH 

2.0)(253). Summary of some of the optimisation trials for mobile phase and the 

resulting chromatograms are shown in Table 5. 
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Table 5. Summary of the optimisation of the mobile phase for the developed HPLC-SEC 

method for pepsin. 

Mobile phase Result Chromatogram 

Acetate buffer 

pH 3.75 (100%)  

Peak shape was 

slightly 

distorted. 

 
 

Acetate buffer 

pH 3.75 (100%) + 

0.02 mol L-1 NaCl 

solution. 

The peak shape 

was more split. 

 
Acetate buffer 

pH 5.75 (100%). 

Peak shape was 

split and 

distorted. 
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Mobile phase Result Chromatogram 

Phosphate 

buffer pH 6.0 

(100%). 

Peak was 

distorted 

significantly. 

 
 

Phosphate 

buffer pH 7.5 

(100%). 

Multiple peaks 

reflecting 

denaturation. 

 
Phosphate 

buffer pH (3.0) 

(100%). 

Perfect peak. 
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Addition of ionic strength modifiers such as 200 mmol L-1 sodium chloride to the 

buffer solution as well as the use of higher or lower concentrations of the buffer 

solution itself (0.01, 0.05 mol L-1 or 0.1 mol L-1) did not contribute much to peak shape 

improvement. Myoglobin was chosen as internal standard since it eluted at a suitable 

retention time and with a good resolution from the peak of pepsin.  

Therefore, after careful optimisation and testing, the optimum parameters for 

the HPLC-SEC were the use of 0.02 mol L-1 phosphate buffer (pH 3.0) at a flow rate 0.35 

mL min-1, injection volume was 20 µL, UV detection was performed at 270 nm, and the 

total run time was 11 minutes in which pepsin eluted at 6.9 minutes while the IS eluted 

at 9 minutes. 

2.6.2. Validation of the HPLC-SEC method 

The procedure was fully validated with some limitations to avoid damage to the 

packing of the column that can result from higher flow rates or the use of very low or 

very high pH values. Linearity, accuracy, precision and robustness were validated in 

accordance with ICH guidelines (252), and limits of detection and quantitation (LOD & 

LOQ) were validated according to USP guidelines (254). For the statistical analysis, Excel 

2020 (Microsoft Office) was used at a 5 % significance level. 

Linearity was determined by plotting the peak area ratio (peak area of pepsin to 

that of IS) versus the concentration of pepsin within the range of (0.5 – 150 µg mL-1). 

Linearity of the peak area ratio response was verified at eight concentration levels by 

making triplicate measurements for each concentration. Calibration chromatograms 

overlay for seven different concentrations are shown in Figure 28 and calibration curve 

and residuals are shown in Figure 29.  
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Linear regression equations were calculated, quantitative parameters and 

statistical data for determination of pepsin are given in Table 6. 

 

Figure 28. Calibration chromatograms overlay for pepsin in concentration range from 

1 to 150 µg mL-1. 

 

Figure 29. Calibration curve and residuals for pepsin using the developed HPLC-SEC 

method(average of triplicate measurements).. 
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Table 6. Linearity parameters of the developed HPLC-SEC method. 

Linearity range 

(µg mL-1) 

Intercept  

(a)± SDa 

Slope 

(b)± SDb 

Syx
c Rd LOD 

(µg mL-1)e 

LOQ 

(µg mL-1)f 

0.5-150 0.103± 

0.0350 

0.0406± 

0.001 

0.0770 0.9989 0.10 0.25 

a Standard deviation of the intercept, b Standard deviation of slope, c Sum of square errors, d R is the 

correlation coefficient, e LOD is limit of detection, f LOQ is limit of quantitation. 

Accuracy at three different concentrations along the calibration range with 

triplicates of each concentration was expressed as percent recovery of pepsin from the 

linear fit equation. Percentage RSD was used as indicative of precision along the same 

three concentration levels injected within the same day (intra-day) and within three 

different days (inter-day). Results are expressed in Table 7. For all concentration levels, 

the RSD did not exceed 2.20 %, indicating good reproducibility, and repeatability. 

Table 7. Accuracy and precision results for the developed HPLC-SEC method. 

Accuracy as percentage recovery of pepsin and precision as relative standard deviation 

(RSD%) 

Concentration (µg mL-1) %Recovery ± SD Intra-day %RSD  Inter-day %RSD  

5 100.22 ± 2.68 0.027 2.01 

50 98.04 ± 1.21 1.26 0.88 

100 99.95 ± 2.17 2.17 1.55 

 

To study the robustness of the method, minor changes applied to the 

chromatographic conditions such as flow rate, pH and concentration of mobile phase 

were tested. It was found that these changes did not affect the method performance 

as indicated by calculating the percentage of recovery for each change from the linear 

fit equation as shown in Table 8. 
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Table 8. Robustness results for the developed HPLC-SEC method. 

Robustness as percentage recovery of pepsin at 50 µg mL-1 

Experimental parameter  %Recovery ± SD 

pH of buffer 

2.8 

3.2 

 

100.46 ± 1.61 

99.51 ± 0.38 

Conc. of phosphate buffer (mol L-1) 

0.01 

0.03 

 

102.27 ± 0.51 

100.41 ± 1.97 

Flow rate (mL min-1) 

0.30 

 

99.82 ± 0.45 

SD is the standard deviation of triplicate results. 

The system suitability parameters including retention factor, selectivity factor, 

resolution, number of theoretical plates and tailing factor have been calculated for a 

representative chromatogram of pepsin. Results are given in Table 9. 

Table 9. System suitability parameters for the developed HPLC-SEC method. 

Analyte Kg αh Rsi Nj HETPk x 10-3 (cm) Tf
L 

pepsin 2.45  

1.428 

 

 

3.796 

1009.9 14.853 1.755 

IS 3.5 22898.979 0.655 0.160 

g Retention factor, k = tR- t0/t0, h Separation factor (α) between pepsin and IS peaks = tR2 - t0/ tR1 - t0,  i 

Resolution factor (Rs) between pepsin and IS peaks = 2(tR2 − tR1)/ (w1 + w2), i Number of theoretical plates 

(N) = 16(tR/w)2, k Height equivalent to theoretical plates = length of column/ N and L Tailing or asymmetry 

factor, Tf = (a + b)/2a. Where t0 is the dead time, tR1 and tR2 are the retention times and w1 and w2 the 

baseline peak width of successive peaks. 

2.9.3. Application to human saliva samples  

The developed magnetic MIPs in chapter 1, subchapter I were successfully applied 

for the extraction of pepsin from the spiked saliva samples prior to quantitation via the 

developed HPLC-SEC method.  
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Figure 30 shows a representative chromatogram of pepsin (25 µg mL-1) and the 

internal standard (2.5 µg mL-1) in a saliva sample. 

 

Figure 30. Representative chromatogram of pepsin in a spiked saliva sample using the 

developed HPLC-SEC method. 

A calibration curve was constructed for the spiked pepsin in saliva after subtraction 

of blank saliva readings, and the linearity parameters were computed and presented in 

Table 10. Moreover, to verify the applicability, percentage of recovery for three 

different pepsin concentrations from spiked saliva were computed from the linear fit 

equation and presented as well in Table 10. 
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Table 10. Linearity parameters of the proposed HPLC-SEC method and percentages of 

recovery of pepsin in saliva samples. 

Linearity 

range  

(µg mL-1) 

Intercept  

(a)± SDa 

Slope 

(b)± SDb 

Syx
c Rd LOD 

(µg mL-1)e 

LOQ 

(µg mL-

1)f 

5 - 150 3.940 ± 

0.006 

0.035 ± 

0.001 

0.068 0.9990 0.598 1.813 

Recovery of spiked pepsin from saliva samples 

Concentration (µg 

mL-1) 

Average total amount found 

(µg mL-1) 

Average% recovery 

± SD 

RSD% 

10 9.748 95.749 ± 0.673 0.703 

50 49.330 98.661 ± 1.319 1.336 

100 97.314 97.315 ± 0.188 0.194 
a Standard deviation of the intercept, b Standard deviation of slope, c Sum of square errors, dR is the 

correlation coefficient, e LOD is limit of detection, f LOQ is limit of quantitation. 

2.7. Conclusion 

A novel, highly sensitive, HPLC method was developed for the quantitation of 

pepsin, which along with the application of size exclusion chromatography (SEC) 

allowed for clean and reproducible chromatograms. The developed HPLC-SEC method 

was optimised in terms of column, mobile phase, pH, and internal standard. Moreover, 

the method was validated according to ICH guidelines and USP guidelines regarding 

linearity, accuracy, precision, LOD, LOQ, robustness, and system suitability. 

Consequently, the method was applied successfully in conjunction with the produced 

magnetic MIPs to extract and quantify pepsin in solutions and saliva samples. Finally, it 

can be concluded that the combined use of the developed magnetic MIPs and the HPLC-

SEC method could provide a highly promising and an effective diagnostic tool for 

patients with GERD through a very simple, non-invasive, and rapid procedure.
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Chapter 3. Development of highly sensitive fluorescent sensors for 

separation-free detection and quantitation systems of pepsin 

enzyme applying a structure guided approach 

3.1. Background 

Fluorescent molecularly imprinted polymers are a class of advanced materials 

that combine the selective recognition capabilities of MIPs with the sensitive detection 

properties of fluorescent sensors (255).  

The integration of fluorescence into MIPs began gaining attraction in the late 

1990s and early 2000s, driven by the need for more sensitive and selective detection 

methods in analytical chemistry (256). Researchers started incorporating fluorescent 

co-monomers and fluorescent nanoparticles into the polymer matrices, leading to the 

first generation of fluorescent MIPs. These innovations allowed for the visual and 

quantitative detection of target molecules through fluorescence changes. Over the past 

two decades, advancements in polymer chemistry, nanotechnology, and fluorescence 

imaging have significantly improved the performance and application range of the 

fluorescent MIPs. Today, they are utilised in various fields, including environmental 

monitoring, food safety, and biomedical diagnostics, showcasing their versatility and 

the continuous innovation in this area (256). 

3.2. Advantages offered by fluorescent MIPs 

Fluorescent MIPs offer not only a means to detect binding events but also to 

quantify the concentration of the target molecules through changes in fluorescence. 

When the target binds to the fluorescent MIPs, there is a corresponding alteration in 

the fluorescence intensity, which can either increase or decrease.  
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This change in fluorescence is typically proportional to the concentration of the 

analyte, allowing for precise quantitation. Thus, fluorescent MIPs serve a dual purpose: 

they facilitate both the extraction and the detection of the target analyte and provide 

a highly sensitive and accurate quantification method. This dual functionality makes 

fluorescent MIPs a comprehensive and self-sufficient analytical technique, suitable for 

various applications where precise measurement and detection are crucial (126). In 

addition, fluorescent MIPs offer a range of other benefits including: 

• High selectivity: fluorescent MIPs offer precise binding sites, ensuring selective 

binding to target proteins in complex samples. This specificity enhances 

accuracy in protein analysis and aids in accurate identification of target 

molecules (179).  

• Sensitive detection: the sensitivity of fluorescent MIPs allows for the detection 

of low-abundance proteins in protein analysis. In analytical chemistry, this 

sensitivity aids in identifying trace amounts of analytes, improving detection of 

contaminants (257). 

• Wide range of applications: fluorescent MIPs can be tailored to any target 

starting from small molecules up to huge molecules. This makes fluorescent 

MIPs useful in the fields of sensing, environmental analysis, and forensic 

sciences (179). 

• Immediate readout: fluorescent MIPs provide quick and easy-to-read outputs, 

facilitating real-time monitoring in protein analysis (258). 
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3.3. Methods applied for synthesis of fluorescent MIPs 

Labelling MIPs with a fluorescent reporter is a highly effective method for 

translating the binding event between MIPs and the target into a detectable signal. 

There are three main approaches to create fluorescent MIPs:  

• Incorporating fluorescent particles, such as carbon dots (20,259), quantum dots 

(34,260–262), metal organic frameworks (84,257) or gold nanoparticles (263) in 

the core of the polymer, which lies within the surface imprinting technique.  

• Using a fluorescent functional co-monomer in the polymerisation mixture (264–

266). 

• Post imprinting modification of the resulting MIPs with a fluorescent dye (267). 

The first two methods are more commonly used and pose less risk of altering the 

binding properties of the developed MIPs (86). 

3.4. Aims and Objectives of this work 

The aim of this work was to develop new fluorescent MIPs for the extraction, 

detection, and quantitation of pepsin enzyme as a salivary biomarker for GERD. For this 

purpose, the method of incorporating a fluorescent co-monomer in the structure of the 

developed MIPs was chosen to translate the binding event into readable signal. 

In the review of the literature, only one paper described the development of 

fluorescent MIPs for the detection of pepsin in an ELISA-like format (221). In this study, 

the analysis of pepsin relied on the interaction between fluorescent pepsin-specific 

MIPs and magnetic pepsin nanoparticles, which were immobilised on magnetic inserts 

within the wells of a microtiter plate.  
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Here, free pepsin in the sample competed with the immobilised pepsin, resulting 

in a reduction in the binding of fluorescent MIPs to the magnetic inserts and 

subsequently increasing the central fluorescence of the well. The synthesis of 

fluorescent MIPs in this study was intricate, involving multiple steps, and lacked certain 

crucial optimisation and characterisation tests. Therefore, the aims of this work were: 

• The development of two new types of fluorescent MIPs for pepsin enzyme 

using cheap, green, and affordable starting materials. 

• Utilisation of fluorescein and rhodamine B as two available and affordable 

organic fluorescent dyes for the synthesis of the fluorescent MIPs. 

• Studying the possibility of a better selectivity and binding capacity that could 

be offered by rhodamine B in comparison to fluorescein in the resulting MIPs 

based on the structural merits of the first. 

• Optimisation of all the starting materials involved in the synthesis procedure 

to achieve the highest possible binding capacity. 

• Characterisation of the resulting fluorescent MIPs on all aspects including 

morphology, functionality, thermal stability, and binding performance. 

• Comparing fluorescein MIPs and rhodamine B MIPs based on the binding 

capacity, binding kinetics, selectivity, and other criteria to determine the 

validity of the theory. 

• Application of the resulting fluorescent MIPs for the extraction and 

quantitation of pepsin from solutions and saliva samples. 
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3.5. Fluorescein and rhodamine B 

Fluorescein is a widely known fluorescent dye that belongs to the xanthene class 

of dyes which has been used for decades in fluorescent labelling. The incorporation of 

fluorescein into the structure of MIPs has been successfully reported multiple times to 

determine different targets, owing to its strong fluorescence and market availability 

(179). In the paper reported by F. Wang et al, fluorescein was applied in the 

development of fluorescent MIPs for the detection of naproxen, a common non-

steroidal anti-inflammatory drug through a simple and catalyst free sol-gel 

polymerisation method (268). The authors acknowledged that the achieved limit of 

detection for the developed MIPs was not satisfactory in comparison to other methods 

reported for naproxen and the use of a more sensitive dye was recommended. 

Therefore, rhodamine B was suggested as an alternative to fluorescein. Rhodamine B is 

a fluorescent dye widely used in various applications, ranging from microscopy and flow 

cytometry to chemical tracing and biological labelling (269). This organic compound 

belongs also to the xanthene family and is known for its intense pink to red fluorescence 

under visible light excitation. Rhodamine B's versatility stems from its high quantum 

yield, photostability, and compatibility with numerous solvents and materials. 

Rhodamine B was incorporated before in the structure of MIPs as a strong fluorescent 

dye to bind and detect proteins in water (270). 

 The structures of fluorescein and rhodamine B shown in Figure 31 reveal the 

main differences between the two. The main interesting difference between both dyes 

is the presence of two diethylamino groups in the structure of rhodamine B.  
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Since the working pH of synthesis and application ranges from 6 to 8, these two 

diethylamino groups were assumed to carry a positive charge. Therefore, it was 

predicted that rhodamine B can provide more interaction with the negatively charged 

target; pepsin enzyme.  

 

Figure 31. Chemical structures of a) fluorescein and b) rhodamine B organic dyes. 

3.6. Experimental  

3.6.1. Materials and instrumentation 

Tetraethyl orthosilicate for synthesis (TEOS), sodium dodecyl sulphate 99% 

(SDS), (3-aminopropyl)triethoxysilane 98% (APTES), deionised water, absolute ethanol, 

sodium chloride 99.5%, phosphate buffered saline (PBS) tablets (pH 7.2), human pepsin, 

human lipase, human amylase, thrombin, and lysozyme were all procured from 

ThermoFisher Scientific, UK. Fluorescein-5-isothiocyanate 98% (FITC) and rhodamine B 

isothiocyanate 98% (RITC) were purchased from Fluorochem, UK.  
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Fluorescence measurements were carried out using a Cary Eclipse fluorescence 

spectrometer (Agilent, UK), running on a Cary Eclipse software version 1.1(132). UV 

measurements were conducted using a Cary UV-Vis Compact, operating on a Cary UV 

Workstation™, software version 1.0.1284 (Agilent, UK). Fluorescence detection was 

carried out with a UV lamp (UVitec, UK) at a wavelength of 365 nm. Thermal 

characterisation including thermogravimetric experiments was performed on a Mettler 

Toledo TGA/DSC 1 Series (UK) – running on STARe™ software Version 10.00, and DSC 

was performed on a TA Instruments DSC25 Series, running on Trios™ software, 

v5.4.0.300. Infra-red analysis was done using a ThermoFisher (UK) Scientific Nicolet iS5 

Fourier transform infrared spectrometer running on OMNIC™ software. 13C Nuclear 

magnetic resonance (NMR) analysis was carried out using a Bruker Avance III 600 two 

channel FTNMR spectrometer operating at 600 MHz and utilising TopSpin™ software 

for data analysis. SEM was used to visualise the resulting polymers using a Zeiss Evo-50 

electron microscope, operating on Smart SEM™ software. Weighing of chemicals was 

performed using Sartorius handy balance-H51 (Hannover, Germany). Data processing 

and graph plotting were executed using Origin™ 8.5 software (Origin Lab Corporation, 

North Hampton, USA). 

3.6.2. Synthesis of fluorescent co-monomers (FITC-APTES, RITC-APTES) 

Two fluorescent co-monomers were prepared independently from a simple 

coupling reaction between APTES and FITC or RITC according to a previously reported 

method (271). Each dye (0.04 mmol) was dissolved in 8 mL absolute ethanol and 0.04 

mmol of APTES was added to the solution and continuously stirred for 24 h.  
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The obtained products were used without further purification. The chemical 

reactions for both coupling reactions are shown in Scheme 1. 

 

Scheme 1 . The reaction between FITC or RITC and APTES to form the fluorescent co-

monomers. 

3.6.3. Preparation of fluorescent MIPs 

The synthesis of fluorescent MIPs was conducted via a straightforward sol-gel 

polymerisation, utilising APTES as the functional monomer and TEOS as the cross-linker. 

The quantities and volumes of the reagents were meticulously optimised to achieve 

optimal binding. The optimised procedure for fluorescein-dyed MIPs (FMIPs) 

manufacture was as follows: the target analyte pepsin (15 mg) was dissolved in 8 mL of 

PBS buffer (pH 7.2), followed by the addition of 0.50 mL of APTES. This mixture was 

stirred for 30 minutes for pre-assembly. Next, 9 mL of the fluorescent co-monomer 

(FITC-APTES) was added, and the mixture was stirred for another 30 minutes.  
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Finally, 0.9 mL of TEOS, dissolved in 3.5 mL of absolute ethanol, was added 

dropwise. The reaction mixture was then sealed under a nitrogen atmosphere and 

continuously stirred for 48 hours. 

For rhodamine B-dyed MIPs (RMIPs), a similar procedure was followed with 

slight variations in reagent volumes. Specifically, 15 mg of pepsin was dissolved in 8 mL 

of PBS buffer (pH 7.2), followed by the addition of 0.75 mL of APTES and stirred for 30 

minutes. Then, 8 mL of the fluorescent co-monomer (RITC-APTES) was added, and the 

mixture was stirred for another 30 minutes. Finally, 0.9 mL of TEOS, dissolved in 3.5 mL 

of absolute ethanol, was added dropwise. The reaction mixture was sealed under 

nitrogen and stirred continuously for 48 hours. 

Fluorescent NIPs were also prepared for both FMIPs and RMIPs by omitting the 

addition of pepsin for comparison purposes. The resulting MIPs and NIPs were rinsed 

twice with deionised water and ethanol to remove any remnants of the starting 

materials and oligomers. To eliminate the target from the imprinted cavities, both 

fluorescent MIPs were washed with a 1% w/v sodium dodecyl sulphate (SDS)/10% v/v 

acetic acid solution for 4 hours, followed by multiple washes with deionised water to 

remove traces of the washing solution. UV spectrometry was employed to ensure 

complete washing by testing fragments of the washing solution. The final polymers 

were dried under vacuum at 60°C, finely ground, and stored in dark containers to 

prevent photobleaching. 
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3.6.4. Protein adsorption experiments 

To assess the success of the imprinting process, binding assays were conducted 

for all the developed polymers using a known concentration of pepsin. The binding 

experiments involved incubating 50 mg of the polymers with 20 mL of a 1 mg mL-1 

pepsin solution for 2 hours (for fluorescein-dyed polymers) and 1 hour (for rhodamine 

B-dyed polymers). After the optimal binding time, the solutions were centrifuged at 

4500 rpm for 10 minutes. The pepsin concentration in the supernatant was measured 

by UV spectrometry against a blank of deionised water incubated with MIPs or NIPs for 

the same amount of time. To determine the binding capacity of MIPs and NIPs, the 

amount of pepsin adsorbed per gram of polymer was calculated using equation 8:  

                                                 𝑄 = (𝐶𝑖 − 𝐶𝑡). 𝑉/𝑚                                                    (eq. 8) 

where, Q (mg g-1) is the quantity of pepsin in milligrams adsorbed per gram of polymer, 

Ci (mg mL-1) is the starting concentration of pepsin, Ct (mg mL-1) is the remaining 

concentration of pepsin after incubation time (t), V (mL) is the volume of pepsin 

solution, and m (g) is the mass of MIPs or NIPs applied in the experiment. Overall, the 

experiments were performed in triplicate to validate the precision of the results. 

3.6.5. Characterisation of the fluorescent MIPs 

Characterisation of the developed fluorescent polymers was essential to 

compare the properties of FMIPs and RMIPs, particularly their different binding 

parameters. The morphology of the polymers was assessed using SEM imaging, which 

also provided an estimation of the particle size. 13C NMR was conducted on FITC, RITC, 

FITC-APTES, and RITC-APTES in deuterated DMSO to verify the formation of the 

thiourea linkage between FITC or RITC and APTES in the fluorescent co-monomers.  
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FT-IR spectra (4000 – 500 cm-1) were collected for FITC, RITC, FMIPs, FNIPs, 

RMIPs, and RNIPs to compare the prominent bands, ensure template removal, and 

confirm the absence of any residual starting materials. 

TGA and DSC were performed on FITC, RITC, FMIPs, FNIPs, RMIPs, and RNIPs. 

Data from TGA and DSC can confirm complete polymerisation, detect any unreacted 

starting materials, and determine the content of adsorbed moisture. TGA was 

conducted over a temperature range from 25 to 650°C at a heating rate of 10°C min-1 

with a nitrogen gas flow rate of 50 mL min-1. DSC was performed over a temperature 

range from 25 to 350°C at a heating rate of 10°C min-1. 

To determine the order of the binding kinetics, rebinding experiments were 

performed on the developed polymers at increasing time intervals. Specifically, 50 mg 

of the fluorescent polymers were incubated with 20 mL of a 1 mg mL-1 pepsin solution 

for 0, 1, 2, 4, 6, and 8 hours. The amount of pepsin adsorbed per gram (Q) for each time 

interval was plotted against time to determine the order of the binding kinetics. 

Additionally, rebinding experiments were conducted by applying different 

concentrations of pepsin to determine the binding isotherm model. Thus, 50 mg of the 

fluorescent polymers were incubated with 20 mL of pepsin solutions in the 

concentration range of 0.2 to 1.5 mg mL-1 for 1 hour (for RMIPs and RNIPs) and 2 hours 

(for FMIPs and FNIPs). The amount of pepsin adsorbed per gram (Q) for each 

concentration was plotted against concentration to depict the binding isotherm model. 

To verify the binding selectivity of FMIPs and RMIPs, their binding was compared 

to that of their corresponding FNIPs and RNIPs. 
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 The imprinting factor (IF) was calculated by dividing the value of Q for MIPs by 

that of NIPs. Since the target analyte in this work is salivary pepsin, it was also necessary 

to test the selectivity of the developed fluorescent polymers against other proteins that 

may be present with pepsin in human saliva. Amylase and lipase, along with other 

proteins, were selected due to their abundance in saliva and potential cross-reactivity. 

Therefore, a similar binding assay as for pepsin was performed on the competitor 

enzymes. Herein, 20 mL of a 1 mg mL-1 solution of each enzyme was incubated with 50 

mg of the fluorescent polymers for 1 hour (for RMIPs and RNIPs) and 2 hours (for FMIPs 

and FNIPs). The amount bound per gram (Q) was calculated for each enzyme and 

compared to that of pepsin. 

3.6.6. Stability testing 

The developed FMIPs and RMIPs were tested for stability and shelf life to verify 

their suitability for long-term use. The FMIPs and RMIPs were stored in dark containers 

for periods of 0, 1, 3, and 6 months. Additionally, other batches of FMIPs and RMIPs 

were stored at temperatures of 10, 25, 35, and 45°C for 1 month to assess stability 

against varying storage temperatures. After these storage periods, the binding capacity 

for pepsin was tested using the previously mentioned protein binding assay procedure. 

3.6.7. Fluorescence measurements 

The procedure for measuring the fluorescence intensity of the developed 

fluorescent polymers was carefully optimised to get the highest possible sensitivity for 

FMIPs and RMIPs. 
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 Consequently, a (3 mg mL-1) suspension of the fluorescent polymers was 

prepared in PBS buffer (pH 7.2), centrifuged to remove coagulated particles, and 

measured at an excitation wavelength (λexc) of 471 nm for FMIPs and 546 nm for RMIPs, 

and an emission wavelength (λem) of 515 nm for FMIPs and 585 nm for RMIPs, at PMT 

voltage of 600 V and slit width of 10 nm for both excitation and emission. Different 

concentrations of pepsin were added to the suspension of polymers for the optimal 

binding time of 2 hours or 1 hour for FMIPs and RMIPs respectively, with continuous 

shaking. Fluorescence intensity was measured for each sample and plotted against the 

concentration of pepsin to establish the linear range and calculate the regression 

equation. 

3.6.8. Application to measuring pepsin in human saliva 

This study received ethical approval from the Kingston University Ethics 

Committee (Ethics Code 2895) and was conducted in accordance with the UK Human 

Tissue Act (HTA) 2004. Saliva samples were collected from one participant, centrifuged 

at 4500 rpm for 30 minutes, and used immediately. Consequently, saliva samples (100 

µL) were spiked with increasing concentrations of pepsin in the range of 0 to 42.85 µmol 

L-1. One mL of the FMIP or RMIP suspension (3 mg mL-1) was added to each sample and 

incubated for the optimal binding time. Each sample was measured in triplicate using a 

spectrofluorometer to ensure the precision of the results. 
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3.7. Results and Discussion 

3.7.1. Preparation of the fluorescent MIPs 

A neutral pH was chosen as the working pH since pepsin is detected in saliva 

which has a neutral pH range (6.2-7.6) (238). As pictured in Figure 32, rhodamine B has 

two diethylamino groups in its structure which at the working pH (7.2) were predicted 

to be positively charged. On the other hand, pepsin has a relatively low isoelectric point 

of 3.24 (243), which means that it would be negatively charged at pH 7.2. Therefore, a 

strong electrostatic interaction was expected between rhodamine B based co-

monomer and pepsin, unlike fluorescein which can only interact with pepsin through 

hydrogen bonds through its carboxylic group.  

 

Figure 32. Schematic presentation of the polymerisation and interaction points 

between pepsin and fluorescein or rhodamine B in the polymer backbone. 
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APTES was selected as a functional monomer due to its capability to interact 

with the amino and carboxylic groups in the backbone of the pepsin molecule through 

hydrogen bonds. Additionally, APTES was coupled with FITC or RITC to produce the 

fluorescent co-monomers, which can also form hydrogen bonds with the pepsin. 

Consequently, after washing the developed FMIPs or RMIPs and removing the target, 

numerous binding sites complementary to pepsin would be generated. Furthermore, 

fluorescein or rhodamine B molecules would be distributed within the polymer matrix, 

with a high prevalence in the binding sites due to the pre-existing hydrogen and/or 

electrostatic bonds formed with the target during polymerisation. As a result, the 

binding and the release of pepsin to the binding sites would cause a significant change 

in fluorescence intensity, which could be recorded to detect the presence of pepsin and 

determine its concentration. Additionally, a slight colour difference between MIPs and 

their corresponding NIPs was observed, with MIPs appearing consistently darker than 

NIPs, as shown in Figure 33. This can be attributed to the higher concentration of the 

fluorescent co-monomer in the polymeric matrix of MIPs compared to NIPs, consistent 

with previous observations for fluorescein imprinted polymers prepared for naproxen 

(268). Since the pepsin molecule can form multiple bonds with the fluorescent co-

monomer, it was anticipated that the presence of pepsin resulted in higher 

polymerisation efficiency of FITC-APTES or RITC-APTES into MIPs, leading to a darker 

colour. 
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Figure 33. Pictures of the developed FMIPs, FNIPs, RMIPs, and RNIPs on the bench and 

under long wave UV light (365 nm). 

All the reagents used in the synthesis procedure were thoroughly investigated 

to study their effect on the binding capacity (Q). Various volumes of APTES, FITC-APTES, 

or RITC-APTES, and TEOS were tested, along with different pre-assembly times and 

varying amounts of pepsin, to fully optimise the procedure. Figures 34 and 35 display 

the optimum values obtained from the various optimisation experiments for both 

fluorescein-dyed polymers and rhodamine B-dyed polymers, respectively. Additionally, 

testing different washing solutions such as sodium chloride (0.5 mol L-1), phosphate 

buffer (0.05 mol L-1, pH 7.2), and a solution of 1% w/v SDS/10% v/v acetic acid was 

necessary to identify the solution that removes all traces of the template. This was 

crucial because incomplete template removal results in template bleeding, which can 

cause significant errors in the anticipated results and/or blockage of the available 

binding sites, leading to a reduction in sensitivity.  
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Therefore, after meticulous testing of various washing solutions and washing 

times, a solution of 1% w/v SDS/10% v/v acetic acid was found to be the most effective 

in removing the template within 4 hours. 

 

Figure 34. Results of the different optimisation experiments for FMIPs and their 

corresponding FNIPs a) volume of APTES, b) volume of TEOS, c) amount of pepsin, and 

d) volume of fluorescent co-monomer (average of triplicate measurements). 
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Figure 35. Results of the different optimisation experiments for RMIPs and their 

corresponding RNIPs a) volume of APTES, b) volume of TEOS, c) amount of pepsin, and 

d) volume of fluorescent co-monomer (average of triplicate measurements). 

3.7.2. Characterisation of the fluorescent MIPs 

3.7.2.1. Morphological characterisation 

SEM images were obtained for FMIPs, FNIPs, RMIPs, and RNIPs and are 

presented in Figure 36. As shown in the images, the produced polymers are not 

perfectly spherical, exhibiting a rough surface with some scattered, coagulated areas. 

This is a result of using the bulk polymerisation technique, which does not allow for 

precise control over the size or the morphology of the synthesised polymers. An 

approximate estimation of the particle size from the SEM images indicated that the 

particles ranged from 0.5 to 2.0 microns, which is typical for bulk polymerisation. 
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Figure 36. SEM pictures of FMIPs, FNIPs, RMIPs, and RNIPs (average diameter 1 

micron). 

To assess the impact of particle size variability on the fluorescence signal 

reproducibility, a one-way analysis of variance (ANOVA) test was performed. A batch (3 

mg mL-1) of each of the FMIPs, FNIPs, RMIPs, and RNIPs was prepared, and the 

fluorescence signal was measured three times for each solution. This experiment was 

repeated daily over a week. The data collected over the seven days (seven groups) for 

each polymer type were analysed using ANOVA, with the results displayed in Table 11. 

Since the F-statistic values were lower than the critical values, the differences between 

the group means were not statistically significant. This suggested that there was 

insufficient evidence to reject the null hypothesis, indicating that there were no 

meaningful differences between the group means across all polymers. In other words, 

the observed variation was likely due to random chance rather than actual differences 

between the groups. 
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Table 11. ANOVA parameters for testing the effect of particle size variability on 

the reproducibility of the fluorescence signal for FMIPs, FNIPs, RMIPs, and RNIPs. 

Polymer SSB SSW SST F calculated F critical (α= 0.05) 

FMIPs 47.195 180.125 227.321 0.611 2.847 

FNIPs 3.619 13.163 16.782      0.6415        2.847 

RMIPs 7.272 24.678 31.950 0.687 2.847 

RNIPs 6.404 60.741 67.146 0.246 2.847 

SSB: sum of squares between groups, SSW: sum of squares within groups, SST: sum of squares for total 

data, F calculated: is the ratio of the mean square between groups to the mean square within groups, F 

critical: s the critical value of the F-distribution for the chosen significance level (α=0.05). 

3.7.2.2. Chemical characterisation 

To verify the formation of a thiourea linkage between FITC or RITC and APTES, 

13C NMR was conducted on both the reactants and the products. The analysis focused 

on the chemical shift of the carbon atom in the isothiocyanate group, which converted 

to a thiourea bond after reacting with the amino group of APTES. In Figure 37, it was 

observed that the chemical shift of the carbon atom in the isothiocyanate group of FITC 

changed from (δ=138.2, s) to (δ=180.7, s) due to the formation of a new single bond 

with the amino group of APTES. Similar changes were seen for RITC in Figure 38, where 

the chemical shift of the carbon atom in the isothiocyanate group changed from 

(δ=137.9, s) to (δ=179.3, s). 
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Figure 37. 13C NMR spectra of FITC and FITC-APTES. 

 

Figure 38. 13C NMR spectra of RITC and RITC-APTES. 
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The synthesised polymers and the organic dyes were characterised using IR 

spectroscopy to confirm the complete incorporation of the fluorescent dyes into the 

developed polymers. The spectra are shown in Figure 39. Both FITC and RITC displayed 

a distinct peak at approximately 2010 cm-1, characteristic of the isothiocyanate group. 

This peak was not present in the spectra of the resulting polymers, verifying the 

incorporation of the dye into the polymeric structure. Additionally, the spectra of FMIPs 

and FNIPs, as well as RMIPs and RNIPs, were nearly identical, indicating no structural 

difference between them. Two peaks at 2922 cm-1 and 2852 cm-1 could be assigned to 

the C – H bonds asymmetric and symmetric stretching, respectively. The absence of 

peaks in the range of 3000 to 3300 cm-1, characteristic of amino and carboxylic groups, 

confirmed the complete removal of pepsin from the binding sites of both MIPs (272). 

 

Figure 39. FT-IR spectra for a) FITC, FMIPs, & FNIPs and b) RITC, RMIPs, & RNIPs. 
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3.7.2.3. Thermal characterisation 

DSC thermograms (Figures 40a1 & 40a2) collected for the organic dyes and their 

polymers confirmed the incorporation of the dyes in the structure of the produced 

polymers. The DSC thermogram of FITC showed only an exothermic peak around 290°C, 

yet DSC curves of both FMIPs and FNIPs showed only one melting peak at around 320°C, 

indicating the absence of any remaining FITC. Similarly, the DSC thermogram for RITC 

showed a melting peak of 210°C, however, the DSC graphs of both RMIPs and RNIPs 

showed only one endothermic melting peak at 320°C, which ascertained the absence 

of any residual fluorescent dye. This data was further verified with TGA (Figures 40b1 

& 40b2), which showed no notable differences in the decomposition pattern between 

FMIPs and FNIPs and RMIPs and RNIPs, due to their structural similarity. Nonetheless, 

their decomposition models are obviously different from that of the fluorescent dyes. 

 

Figure 40. DSC thermograms for a1) FITC, FMIPs, & FNIPs, a2) RITC, RMIPs, & RNIPs 

and TGA graphs for b1) FITC, FMIPs, & FNIPs, b2) RITC, RMIPs, & RNIPs. 
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3.7.2.4. Functional characterisation 

The results of the binding kinetics experiments are graphically represented in 

Figures 41a and 41b. A notable difference was observed between fluorescein-dyed 

polymers and rhodamine B-dyed polymers. The peak binding for FMIPs occurred after 

2 hours, whereas RMIPs achieved maximum binding after just 1 hour. The faster binding 

kinetics of RMIPs could be attributed to the presence of two diethylamino groups in the 

structure of rhodamine B, whose positive charge interacted significantly with the 

negatively charged pepsin molecule, resulting in quicker binding kinetics. Additionally, 

the Q value (mg g-1) at the maximum binding time for RMIPs (256 mg g-1) was higher 

than the corresponding Q value for FMIPs (217 mg g-1), further verifying the role of the 

diethylamino groups in enhancing pepsin binding. To understand the mechanism of 

pepsin binding to the developed polymers, pseudo-first order and pseudo-second order 

kinetics parameters were used to fit the adsorption data. As shown in Table 12, both 

rhodamine B and fluorescein imprinted polymers followed a pseudo-second-order 

model, confirming that the binding followed a chemical adsorption mechanism. 
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Figure 41.  Binding kinetics for a) FMIPs & FNIPs, and b) RMIPs & RNIPs, and binding 

isotherm for c) FMIPs & FNIPs, and d) RMIPs & RNIPs (average of triplicate 

measurements each). 
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Table 12. Binding kinetics parameters for the fluorescent MIPs and NIPs applying two 

binding orders. 

Pseudo first order parameters 

FMIPs FNIPs 

K1 (min -1) Qe (mg g-1) R2 K1 (min -1) Qe (mg g-1) R2 

0.00077 25.432 0.0009 0.0309 81.183 0.872 

RMIPs RNIPs 

K1 (min -1) Qe (mg g-1) R2 K1 (min -1) Qe (mg g-1) R2 

0.033 8.11 0.66 0.0173 10.175 0.163 
 

Pseudo second order parameters 

FMIPs FNIPs 

K2 (g mg-1 min-1) Qe (mg g-1) R2 K2 (g mg-1 min-1) Qe (mg g-1) R2 

0.0867 196.09 0.9989 0.02809 188.68 0.9961 

RMIPs RNIPs 

K2 (g mg-1 min-1) Qe (mg g-1) R2 K2 (g mg-1 min-1) Qe (mg g-1) R2 

0.0136 156.25 0.9866 0.022 125 0.9759 

K1 and K2 are the first and second order rate constants respectively, Qe is the quantity of pepsin adsorbed 

per gram of polymer at equilibrium, and R2 is the linearity coefficient. 

The graphical representation of the binding isotherm for both fluorescein and 

rhodamine B polymers (Figures 41c and 41d) demonstrated a linear relationship 

between the binding capacity (Q) and the concentration of pepsin. The Freundlich 

isotherm, and the Langmuir isotherm models were applied to the binding isotherm data 

and results are shown in Table 13. From the computed R2 values, the Freundlich binding 

isotherm model was a good fit for fluorescein dyed polymers, which suggested that the 

binding was in multiple layers on a heterogeneous surface. On the contrary, the 

Langmuir binding model was a better fit for rhodamine B dyed polymers, which 

indicated that binding occurred in a monolayer over a homogenous surface, which 

again proved the better performance of RMIPs. 
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Table 13. Adsorption isotherm parameters of the fluorescent MIPs and NIPs applying 

two models. 

Langmuir isotherm 

FMIPs FNIPs 

KL (L 

mg-1) 

Qmax (mg 

g-1) 

RL R2 KL (L mg-

1) 

Qmax (mg 

g-1) 

RL R2 

0.002 19.45 1.002 0.9055 0.00158 25.22 1.001 0.9460 

RMIPs RNIPs 

KL (L 

mg-1) 

Qmax (mg 

g-1) 

RL R2 KL (L mg-

1) 

Qmax (mg 

g-1) 

RL R2 

1.241 830.67 0.573 0.9887 1.226 174.093 3.782 0.9360 

Freundlich isotherm 

FMIPs FNIPs 

n KF R2 n KF R2 

0.381 349.869 0.9599 0.470 156.50 0.9428 

RMIPs RNIPs 

n KF R2 n KF R2 

1.285 553.384 0.9615 0.683 658.99 0.9117 

KL and KF are the Langmuir constant and Freundlich constant respectively, Qmax is the theoretical 

maximum adsorbed concentration, RL is the separation factor (1/1+Ceq.KL), n is the variation trend 

coefficient for the adsorption isotherm, and R2 is the linearity coefficient. 

A binding selectivity assay towards pepsin was conducted for both FMIPs versus 

FNIPs, and for RMIPs versus RNIPs, and the imprinting factor (IF) was deducted using 

the equation. 

                                                      𝐼𝐹 =
𝑄𝑀𝐼𝑃𝑠 

𝑄𝑁𝐼𝑃𝑠
                                                               (eq.9) 

At a concentration of 1 mg mL-1 of pepsin, the IF values were 1.13 for fluorescein dyed 

polymers and 1.89 for rhodamine B dyed polymers, which further proved the higher 

selectivity of RMIPs compared to FMIPs. 
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Furthermore, selectivity was assessed against lipase and amylase due to their 

coexistence with pepsin in human saliva along with lysozyme and thrombin as other 

proteins. The results shown in Figure 42 demonstrated remarkable selectivity towards 

pepsin in comparison to other proteins for both fluorescein and rhodamine B dyed 

polymers, while again RMIPs showed greater selectivity, indicated by the values of the 

separation factor (α) calculated using the formula. 

                                                        𝛼 =
𝑄𝑀𝐼𝑃.𝑡𝑎𝑟𝑔𝑒𝑡

𝑄𝑀𝐼𝑃.𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑜𝑟
                                               (eq.10) 

Herein, the values of α for FMIPs were 1.94 and 2.87 for amylase and lipase respectively. 

As for RMIPs, the values of α were 2.09 and 2.21 for amylase and lipase respectively. 

 

Figure 42. Selectivity studies of a) FMIPs & FNIPs, and b) RMIPs & RNIPs for pepsin 

against other proteins(average of triplicate measurements). 
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3.7.3. Stability testing 

The results of the stability testing conducted over periods of 0, 1, 3, and 6 

months showed a very slight decline in the binding capacity over time for both FMIPs 

and RMIPs. Similar outcomes were observed when testing at low and high 

temperatures, with the binding capacity for both FMIPs and RMIPs remaining nearly 

constant across all temperatures. These findings are collectively depicted in Figure 43. 

The results demonstrated the higher physical stability of MIPs compared to 

conventional antibodies. 

 

Figure 43. Stability of FMIPs and RMIPs against time and temperature (average of 

triplicate measurements). 
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3.7.4. Mechanism of fluorescence quenching 

To study the mechanism of fluorescence quenching observed for FMIPs and 

RMIPs in the presence of pepsin, Stern-Volmer equation was used. 

                                                 
𝐹0

𝐹
= 1 + 𝐾𝑠𝑣[𝑄]                                                         (eq. 11) 

In which F0 is the fluorescence intensity of the fluorophore without the 

quencher, F is the fluorescence intensity after quenching, Ksv is the Stern-Volmer 

constant, and Q is the quencher concentration. Ideally, a linear relationship observed 

in the Stern-Volmer plot (F0/F) versus the quencher concentration ([Q]) indicates the 

dominance of a single quenching process (dynamic quenching). Deviations from 

linearity in Stern-Volmer plots normally indicate the involvement of dual quenching 

mechanisms simultaneously, where dynamic quenching and static quenching play roles 

(273,274). As observed in Figure 44, a linear relationship between F0/ F and the 

concentration of pepsin (the quencher) was observed for both FMIPs (figure 44a) and 

RMIPs (figure 44b). This linear relationship reflected a dynamic quenching of 

fluorescence in which the quencher interacted with the fluorophore at the excited state 

via collisions leading to return to the ground state through non-radiative pathways. 
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Figure 44. Graphical representation of Stern Volmer relationship between the 

concentration of pepsin and the fluorescence quenching for a) FMIPs and b) RMIPs 

(average of triplicate measurements). 

3.8. Quantitative detection of pepsin 

The fluorescence intensities of both FMIP and RMIP solutions in PBS buffer (pH 

7.2) were measured in triplicate at their respective excitation wavelengths (λexc) after 

adding increasing concentrations of pepsin, ranging from 0 (blank) to 42.85 µmol L-1. It 

was observed that the addition of pepsin caused a concentration-dependent quenching 

of the fluorescence intensity, as shown in Figure 45. However, at higher concentrations, 

the fluorescence response began to plateau, indicating the complete saturation of the 

binding sites for both FMIPs and RMIPs.  
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Figure 45 a) Stacked emission spectra for FMIPs, b) calibration curve for FMIPs & 

FNIPs, c) Stacked emission spectra for RMIPs, and d) calibration curve for RMIPs & 

RNIPs(average of triplicate measurements each). 

The calculated linearity parameters for both MIPs are presented in Table 14. 

Notably, RMIPs exhibited a wider linear range, extending from a lower concentration 

limit of 0.28 µmol L-1 to an upper limit of 42.85 µmol L-1, compared to FMIPs, which had 

a lower limit starting at 0.71 µmol L-1 and an upper limit reaching 35.71 µmol L-1. This 

underscored the influence of the fluorescent dye's structure on target binding and the 

resulting MIPs' sensitivity. Consequently, RMIPs demonstrated a greater capacity to 

bind pepsin even at lower concentrations, resulting in significant sensitivity. 

Additionally, the limit of detection value was calculated for both FMIPs and RMIPs using 

equation 12: 

                                                              𝐿𝑂𝐷 =
3.3.𝛿

𝑠𝑙𝑜𝑝𝑒
                                                     (eq. 12) 

where δ is the standard error of the intercept of the regression equation.  
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The computed LOD values further confirmed the hypothesis that RMIPs are 

more sensitive than FMIPs, where LOD for FMIPs was 0.36 µmol L-1, while the value 

reached 0.12 µmol L-1 for RMIPs. 

Table 14. Linearity parameters for quantitation of pepsin in standard solutions using 

FMIPs and RMIPs. 

Parameter Linearity range 

(µmol L-1) 

Intercept ± 

SDa 

Slope ± 

SDb 

Syx
c R2 d LOD   (µmol 

L-1)e 

FMIPs 0.71 – 35.71 551.94 ±1.61 -0.42 ± 

0.050 

1.769 0.9842 0.36 ± 

0.051 

RMIPs 0.28 – 42.85  307.53 ± 0.85 -0.67 ± 

0.055 

0.973 0.9916 0.12 ± 

0.048 
a Standard deviation of the intercept, b Standard deviation of slope, c Sum of square errors, d R the 

correlation coefficient, e LOD limit of detection. 

3.9. Development of a separation-free quantitation system for pepsin in 

human saliva samples. 
The fluorescent MIPs were successfully utilised to quantify pepsin in human 

saliva samples. Due to the high selectivity of the developed FMIPs and RMIPs, there was 

no need for a prior extraction step, eliminating an extra step in sample preparation and 

enabling a sensitive, simple, one-step assay. Linearity in saliva ranged from 1.42 to 

42.85 µmol L-1 for RMIPs and from 2.8 to 35.71 µmol L-1 for FMIPs. Additionally, the 

lower concentrations measured by both developed MIPs were well-suited for detecting 

the very low concentrations of pepsin present in the saliva of real GERD patients. The 

percentage of recovery was also calculated for pepsin from three different spiked 

samples, each containing three different concentrations along the calibration range. 

Recovery percentages ranged from 94.8% to 101.2% for FMIPs and from 96.29% to 

100.21% for RMIPs, as demonstrated in Table 15. 
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Table 15. Recovery of spiked pepsin from saliva samples using the fluorescent MIPs and 

NIPs. 

Concentration 

(µmol mL-1) 

Average total  

the amount found (µmol 

mL-1) 

Average% recovery ± SD RSD % 

 FMIPs RMIPs FMIPs RMIPs FMIPs RMIPs 

2.8 2.65 2.69 94.84 ± 3.39 96.07 ± 
3.07 

3.57 3.19 

14.28 14.24 14.31 99.76 ± 1.51 100.21 ± 
2.08 

1.52 2.08 

35.71 36.14 35.50 101.22 ± 
0.312 

99.42 ± 
0.99 

0.31 1.00 

Where SD is the standard deviation and RSD is the relative standard deviation. 

3.10. Conclusion 

In this study, the impact of the fluorescent dye's structure on the selectivity and 

the sensitivity of fluorescent MIPs was examined. Two fluorescent MIPs were prepared 

for the pepsin enzyme using two different fluorescent dyes: fluorescein and rhodamine 

B. Comparing the performance of both MIPs in terms of binding capacity, binding 

selectivity, and quantitation range of pepsin confirmed the hypothesis that rhodamine 

B would offer superior results due to establishing two additional electrostatic bonds 

with pepsin compared to fluorescein. Thus, rhodamine B was assumed to provide three 

points of interaction with the pepsin molecule, whereas fluorescein provided only one. 

This underscores the importance of a structure-based approach in selecting fluorescent 

dyes and monomers for preparing fluorescent MIPs. Additionally, both FMIPs and 

RMIPs were successfully applied for the detection and quantitation of pepsin in 

solutions and saliva samples, with RMIPs achieving higher sensitivity, indicated by an 

LOD value of 0.12 µmol L-1 compared to FMIPs with an LOD value of 0.36 µmol L-1.  
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Therefore, both fluorescent MIPs offered the advantage of an integrated 

extraction and analysis tool compared to the magnetic MIPs developed in the previous 

chapter, which served only as extraction tools.
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Chapter 4. Design and preparation of a fluorescent molecularly 

imprinted membrane for the selective detection of pepsin enzyme 

as a biomarker for GERD. 

4.1. Background 

4.1.1. Molecularly imprinted membranes  

Molecularly imprinted membranes (MIMs) are a class of MIPs that offers distinctive 

advantages over traditional bulk MIPs. Unlike bulk MIPs, which are usually in powder 

form, MIMs are thin, film-like structures with evenly distributed binding sites across 

their surface. This unique morphology provides several benefits, most notably 

increased accessibility to the binding sites and improved mass transfer kinetics. MIMs 

are particularly advantageous for binding larger analytes such as proteins due to their 

thin and porous structure. This increased binding capacity enhances the ability of MIMs 

to capture larger analytes efficiently, resulting in improved sensitivity and lower 

detection limits in analytical applications (275). Additionally, MIMs provide several 

other benefits, such as low preparation costs and ease of operation. Their 

straightforward synthesis and scalability make them a cost-effective option for large-

scale applications. Moreover, their user-friendly nature and durability make MIMs 

practical choices for a wide range of analytical and separation tasks (276,277). 

Fluorescent molecularly imprinted membranes (FMIMs) introduce an innovative 

method in sensor technology by embedding fluorescent elements such as QDs or CDs 

into their matrices. This integration enhances the selectivity of the MIMs and enables 

fluorescent detection of the target analyte (85,258).  
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4.1.2. Carbon dots 

Carbon dots (CDs) are an emerging class of carbon-based nanomaterials 

celebrated for their distinct fluorescence properties, positioning them as promising 

candidates for various applications. Their fluorescence is derived from the quantum 

confinement effect and surface state emissions, allowing for adjustable emission 

wavelengths (278). CDs offer several advantages, including low toxicity, 

biocompatibility, and environmentally friendly synthesis routes using variable carbon 

sources. Their facile synthesis methods, often involving one-step processes, make them 

cost-effective and suitable for a large-scale production (279,280). A promising 

application of CDs is their integration with MIPs, where CDs function as visual detectors 

when they bind with target analytes. This combination enhances the selectivity and 

sensitivity of MIP-based sensors, providing a versatile platform for the rapid and visual 

detection of various targets in complex matrices (281). 

4.2. Aims and Objectives of this work 

The objective of this work was to create a new FMIM for the binding and detection 

of pepsin enzyme. To impart the fluorescent response, CDs would be incorporated in 

the matrix of FMIMs during the synthesis procedure. As a result, the binding event 

between pepsin and the FMIM could be detected. Furthermore, the fluorescence signal 

could be employed to measure the concentration of pepsin in different samples.  

In the literature survey for fluorescent MIPs developed for the target, no FMIMs 

were previously reported for pepsin, which encouraged the idea of this work. 

Therefore, the aims of this work were: 
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• The development of FMIM capable of effectively binding pepsin enzyme. 

• The careful optimisation of all components involved in the synthesis procedure 

to reach the highest possible binding and the best mechanical stability. 

• Chemical, thermal, morphological, and functional characterisation of the 

developed membranes to verify their functionality. 

• The application of the developed FMIM for the qualitative detection of pepsin 

in standard solutions and in saliva. 

4.3. Experimental 

4.3.1. Materials and instrumentation 

N-(Hydroxymethyl)acrylamide (NHMAm) 98%, acrylamide (Am) 99%, acrylic acid 

(AA) (99%), N-isopropylacrylamide (NIPAm) 99%, N,N′-methylenebis(acrylamide) (MBA) 

99%, ammonium persulphate (APS) 98%, N,N,N′,N′-tetramethylethylenediamine 

(TEMED) 99.5%, phosphate buffered saline (PBS) tablets (pH 7.0), deionised water, 

sodium chloride 99.5%, human pepsin, human lipase, human amylase, ɣ-globulin, 

thrombin and Corning® microscope slides were all procured from Sigma Aldrich, UK. 

Folic acid (95%), N-[tris(hydroxymethyl)methyl]acrylamide (THMMAm) 99%, sulphuric 

acid AR, hydrogen peroxide 30%, and Parafilm™ laboratory wrapping film were all 

purchased from ThermoFisher, UK.  

UV spectra were acquired using a Cary UV-Vis compact spectrophotometer with 

Cary UV Workstation™ software version 1.0.1284 (Agilent, UK). A UV lamp (UVitec, UK) 

was used for visual detection of fluorescence at wavelength 365 nm.  
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Thermogravimetric analysis was conducted using a TGA 550 instrument (TA 

Instruments, UK) with Trios™ software version 10.00 (UK), while differential scanning 

calorimetric assays were performed on a DSC25 series instrument (TA Instruments, UK) 

with Trios™ software version 5.4.0.300. Infrared analysis utilised a Nicolet iS5 Fourier 

transform infrared spectrometer (ThermoFisher Scientific, UK) instrument operated 

with OMNIC™ software (UK). Fluorescence detection was carried out with a UV lamp 

(UVitec, UK) at a wavelength of 365 nm. Images of the membrane surface were taken 

using an Olympus BX-51 light microscope with a Micropublisher 3.3 digital camera and 

Image-Pro Express capture software (Olympus, Tokyo Japan). Fluorescent images were 

taken via a Nikon 80i fluorescence microscope using mercury lamp illumination, Digital 

Sight DS-U1 camera and NIS elements capture software (Nikon labs, Toyo, Japan). 

Weighing of chemicals was performed using Sartorius handy balance-H51 (Hannover, 

Germany). Synthesis of CDs was performed using a UKFengHeng™ Teflon-lined 

stainless-steel autoclave. Data processing and graph plotting were carried out using 

Origin™ 8.5 software (Origin Lab Corporation, North Hampton, USA). 

4.3.2. Synthesis of carbon dots 

Ultra fluorescent CDs were synthesised according to a reported method from folic 

acid as a carbon source (282). Folic acid (50 mg) was dispersed in 7 mL of double-

deionised water using ultrasonication. This solution was then transferred to a Teflon-

lined stainless-steel autoclave and heated at 240°C for 6 hours. The resulting yellowish 

solution was filtered through a 0.45 µm filter to remove any undissolved particles and 

stored in amber-coloured containers to prevent any photobleaching.  
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4.3.3. Preparation of glass slides 

Prior to spotting the FMIM mixture, the glass slides were immersed in a mixture of 

sulphuric acid and hydrogen peroxide for 24 hours to clean and activate their surfaces. 

Then, they were washed three times with double deionised water in an ultrasonic bath 

to get rid of any residual chemicals or impurities.  

Subsequently, the slides were dried under nitrogen for 5 minutes to ensure a clean 

and dry surface, which was important for the smooth deposition of the FMIM mixture. 

This process was undertaken to enhance the adhesion and stability of the FMIM on the 

glass slides, thereby improving their performance for different applications (283). 

4.3.4. Preparation of fluorescent molecularly imprinted membranes 

Owing to the protein nature of the target pepsin enzyme, its limited solubility in 

water, and its prevalence in aqueous matrices (211), the synthesis of hydrophilic FMIMs 

was necessary. Various hydrophilic monomers were assessed to fabricate an optimal 

FMIM that could achieve the highest possible binding capacity while maintaining 

superior mechanical stability and reproducibility in aqueous environments (284). 

Achieving an ideal balance between optimal binding and robust mechanical stability 

posed a challenge. Various monomers, such as NHMAm, THMMAm, NIPAm, AA, and 

Am, were assessed individually and in combination to identify the most effective 

mixture for a superior binding capacity and a mechanical resilience. After thorough 

testing, the synthesis procedure was optimised using a combination of NHMAm (1.24 

mmol) and Am (1.76 mmol) as functional monomers, with MBA (0.2 mmol) serving as 

the cross-linker.  
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These components were dissolved in 3 mL of phosphate buffer (0.02 mol L-1, pH 7.0) 

containing 25 µL of CDs solution. Subsequently, 0.15 µmol of pepsin was introduced into 

the mixture, followed by sonication and stirring for 1 hour to facilitate pre-assembly 

between the target molecule and the monomers. After pre-assembly, 100 µL of (10% 

w/v) APS and 5 µL of TEMED were added, followed by immediate spotting of the mixture 

onto the activated glass slides.  

The solution was carefully covered with 2 cm² square pieces of Parafilm™ and left to 

polymerise overnight. The same procedure was followed to prepare the fluorescent 

non-imprinted membrane (FNIM) without the addition of the target pepsin. 

The resulting films were carefully cut into rectangles (2 x 1 cm), avoiding the dry 

edges, and washed with double-deionised water for 1 hour to remove residues of the 

starting materials. The membranes were then soaked overnight in a 0.5 mol L-1 sodium 

chloride solution to remove the target from the binding sites of FMIM, followed by two 

washes with double-deionised water. 

4.3.5. Protein adsorption experiments 

The binding capacity of the developed FMIMs was measured using a batch 

adsorption method at room temperature (25°C ± 2°C). Each FMIM and its corresponding 

FNIM were incubated with 10 mL of a 0.5 mg mL-1 pepsin solution in water for 4 hours 

with gentle stirring. After incubation, the membranes were removed, and the remaining 

pepsin concentration in solution was determined by UV spectrometry to calculate the 

amount of bound pepsin per gram of polymer (Q). To mitigate the risk of template 

bleeding, a blank rebinding experiment was conducted concurrently.  
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In this experiment, each FMIM and FNIM was incubated with 10 mL of double 

deionised water for the same duration, and the resulting solution was used as a blank 

for UV measurements of pepsin concentration. The binding capacity Q (mg g-1) was 

calculated using equation 13: 

                                                    𝑄 = (𝐶𝑖 − 𝐶𝑡). 𝑉/𝑚                                                   (eq. 13) 

where, Ci (mg mL-1) is the initial concentration of pepsin, Ct (mg mL-1) is the 

concentration of pepsin after incubation time (t), V (mL) is the volume of pepsin 

solution, and m (g) is the mass of the membranes used in the experiment. The tests 

were performed three times to ascertain the precision of the results. 

4.3.6. Characterisation of the developed FMIM and FNIM 

To examine the surface of the developed membranes, a bright field light 

microscope was employed to check for any irregularities and to ensure that the surface 

was uniform. This was crucial because the surface quality could significantly impact the 

membrane's ability to bind the target. A fluorescent microscope was used to confirm 

that the CDs were evenly distributed throughout the membrane matrix. This step was 

important to ensure the proper incorporation of CDs. Additionally, images of the FMIM 

were captured both with and without pepsin under a UV lamp to observe the 

fluorescence changes resulting from the binding of the target. 

For thermal analysis, TGA was conducted on the FMIMs and FNIMs to assess 

their thermal stability, decomposition temperature, moisture content, and to check for 

any residual starting materials. TGA was operated over a temperature range of 25 to 

1000°C, with a heating rate of 10°C per minute and a nitrogen flow rate of 50 mL per 

minute.  
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To complement this data, DSC was used to provide additional information on 

moisture content and melting points, operating from 25 to 500°C at a heating rate of 

10°C per minute under an inert atmosphere. 

The synthesised CDs, FMIMs, and FNIMs were characterised using FTIR to 

confirm the synthesis of the CDs and their incorporation into the polymer matrices via 

comparing the prominent peaks. 

To determine the binding kinetics, rebinding experiments were carried out with 

the FMIMs and FNIMs at various time intervals. Each membrane (approximately 150 

mg) was incubated with 10 mL of 0.5 mg mL-1 pepsin solution for 0, 1, 2, 4, and 6 hours. 

The amount of pepsin adsorbed per gram (Q) was plotted against time to assess the 

kinetics of binding. 

To establish the binding isotherm model, binding experiments were conducted 

by using different concentrations of pepsin. Each membrane (about 150 mg) was 

incubated with 10 mL of pepsin solutions with concentrations ranging from 0.2 to 1.2 

mg mL-1 for 4 hours. The amount of pepsin adsorbed per gram (Q) was plotted against 

the concentration to illustrate the binding isotherm model. 

To evaluate the binding selectivity of the FMIMs, their performance was 

compared to that of the FNIMs. The imprinting factor (IF) was calculated by dividing the 

Q value for the FMIMs by that for the FNIMs. The selectivity of the fluorescent 

membranes for pepsin was further assessed against other proteins commonly found in 

human saliva, such as amylase and lipase, to check for potential cross-reactivity.  
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Subsequently, a similar binding assay where 10 mL of 0.5 mg mL-1 solutions of 

each protein was incubated with the fluorescent membranes for 4 hours. The amount 

bound per gram (Q) for each enzyme was measured and compared to that of pepsin. 

4.3.7. Application of the developed FMIM to spiked saliva samples 

This study was conducted in agreement with the declaration of Helsinki 

principles and under the rules of UK Human Tissue Act (HTA) 2004 and received full 

ethical approval from Kingston University Ethics Committee under Ethics Code 2895. 

Saliva samples were collected from one subject after rinsing the mouth three times with 

water, centrifuged at 4500 rpm for 30 minutes and then used immediately. Aliquots of 

saliva samples (150 µL) were spiked with 350 µL of pepsin solution (1.5 mg mL-1) and 

the final volume was made to 1mL using PBS buffer (pH 7.0). The FMIM was then added 

to the prepared samples and the enhanced fluorescence was visualised under UV light 

at 365nm. 

4.4. Results and Discussion  

4.4.1. Synthesis of carbon dots 

The CDs used in the synthesis of FMIM were chosen due to two influential factors. 

Firstly, the abundance of folic acid and amino group residuals on the surface of the 

produced CDs (282). This was an important parameter to ensure the formation of 

electrostatic interactions between pepsin enzyme and CDs. Since at the working pH of 

the solution (7.2), pepsin would carry a negative charge due to its low isoelectric point 

(3.24) (243), and the amino groups on the surface of CDs would carry a positive charge.  
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This guaranteed an electrostatic interaction between pepsin and CDs that would 

contribute to enhancing the binding capacity. Secondly, the ultra-high reported 

quantum yield (94%) of these CDs could contribute to the better visual detection of the 

binding event between the FMIM and pepsin that can be seen by the naked eye. Figure 

46 shows the excitation and emission spectra of the resulting CDs solution and their UV 

spectrum. 

 

Figure 46. Excitation and emission spectra of the developed CDs, inset: UV spectrum of 

CDs. 

4.4.2. Experimental determination of CDs’ quantum yield 

The quantum yield (Φ) of the synthesised CDs embedded in the FMIM was 

experimentally determined using quinine sulphate as a standard according to the 

reported method by Würth et al.(285).  
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For comparison, a solution of quinine sulphate 0.1 mol L-1 was prepared in 

sulphuric acid, which has a known quantum yield of 54% (Φ = 0.54) at excitation 

wavelength of 365 nm.  

The absorbance spectra for both the CDs and the quinine sulphate solutions 

were recorded at the excitation wavelengths, ensuring that the absorbance values were 

below 0.1 to minimise the inner filter effects. The fluorescence emission spectra were 

then obtained under identical excitation conditions for both the sample and the 

standard. 

The quantum yield of the CDs was calculated using equation 14: 

                                             𝛷𝑢 = 𝛷𝑠 ×
𝐹𝑢

𝐹𝑠
 × 𝐴𝑠/𝐴𝑢                                              (eq. 14) 

Where, Фs and Фu are the quantum yields of quinine and CDs, respectively; Fs 

and Fu are the integrated fluorescence intensity after correction with the blank for 

quinine and the CDs, respectively; As and Au are the absorbances at the excitation 

wavelength of quinine and the CDs, respectively. 

The obtained quantum yield value from this experiment was 92.8±0.2 % which 

is very comparable to the reported value in the applied method (282). 

4.4.3. Preparation of FMIM and FNIM 

Figure 47 illustrates the preparation process for the CDs and FMIM. Various 

hydrophilic functional monomers were tested at different concentrations, with MBA 

used as the cross-linker. Key considerations included binding capacity, selectivity, and 

the mechanical strength of the membranes, as well as their ability to retain CDs without 

leakage. 
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Figure 47. Overview of the synthesis process for carbon dots (CDs) and the fluorescent 

molecularly imprinted membrane (FMIM). 

Table 16 details the different monomers, cross-linker concentrations, and 

amounts of CDs used in the optimisation trials, alongside the results. The data revealed 

that the combination 1.24 mmol NHMAm and 1.76 mmol Am as monomers, with 0.2 

mmol MBA as cross-linker produced the most effective FMIM. This combination 

achieved the highest binding capacity and exhibited strong mechanical stability while 

preventing CD from leaching. 
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Table 16. Different combinations of monomers and cross-linkers to synthesise FMIMs 

and their outcome. 

Composition Binding Mechanical stability 

250 mg NHMAm + 20 mg MBA 

+ 2mL CDs. 

Poor. Acceptable, however, leaching of 

CDs occurred. 

250 mg NHMAm + 20 mg MBA 

+ 0.5 mL CDs. 

Poor. Acceptable, however, leaching of 

CDs occurred. 

250 mg NHMAm + 20 mg MBA 

+ 25 µL CDs. 

Poor. Acceptable, No leaching of CDs. 

125 mg NHMAm + 125 mg 

THMMAm+ 20 mg MBA + 25 

µL CDs. 

No 

polymerisation. 

----- 

250 mg Am +10 mg MBA + 25 

µL CDs. 

Poor. Acceptable. 

125 mg Am + 125 mL AA +20 

mg MBA + 25 µL CDs. 

Good. Poor. 

125 mg NHMAm + 125 mL AA 

+ 20 mg MBA + 25 µL CDs. 

Good Acceptable. 

125 mg NHMAm + 125 mg 

Am+ 20 mg MBA + 25 µL CDs. 

Excellent. Acceptable. 

125 mg NHMAm + 125 mg 

Am+ 10 mg MBA + 25 µL CDs. 

---- Hydrogel very weak membrane. 

125 mg NHMAm + 125 mg 

Am+ 40 mg MBA + 25 µL CDs. 

----- Very solid, glass like membrane. 

125 mg NHMAm + 125 mg 

Am+ 30 mg MBA + 25 µL CDs. 

Excellent. Excellent. 

 

NHMAm and Am were effective monomers because they could form hydrogen 

bonds with both the amino and the carboxylic groups in the pepsin molecule, enhancing 

binding. Additionally, these monomers could interact with the folic acid residues on the 

CDs surface, preventing them from leaching out. The role of MBA was also crucial for 

mechanical stability. A lower concentration of MBA resulted in a liquid-like hydrogel that 

lacked strength and could not retain CDs effectively.  
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On the other hand, a higher MBA concentration produced a semi-solid, glass-

like membrane with significantly reduced fluorescence due to the entrapment of CDs. 

Thus, optimising the MBA concentration was essential to achieving a balance between 

binding capacity and mechanical durability. 

4.4.4. Characterisation of FMIM and FNIM 

4.4.4.1. Morphological characterisation 

Figures 48a and 48b show light microscope images of the FMIM and FNIM, 

revealing a consistently smooth, even, and wettable surface. This surface quality was 

crucial as it enhanced the membrane’s binding capacity. A smooth and uniform surface 

allowed for efficient, swift, and dependable binding and release of the pepsin enzyme. 

The wettability of the surface further supported the FMIM’s application in aqueous 

environments. 

Figures 48c and 48d display fluorescence microscopy images of the FMIM, 

highlighting the even distribution of CDs throughout the membrane. This uniform 

distribution was vital for ensuring that the CDs are well-positioned at the binding sites, 

enabling effective interaction with pepsin and a clear visual signal. It also helped to 

avoid inconsistencies in the fluorescence intensity, thereby ensuring reliable and 

uniform performance of the FMIM. 
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Figure 48. The light microscope images of a) FMIM, b) FNIM, and the fluorescent 

microscope images of c) FMIM under 4x magnification, d) FMIM under 16x 

magnification. 

4.4.4.2. Chemical characterisation  

Figure 49 displays the IR spectra collected for CDs, FMIM and FNIM. FTIR 

spectrum collected for CDs agreed with the reported FTIR spectrum for the CDs in the 

reported method (282). Herein, A prominent peak at 3274 cm-1 was observed, which 

corresponded to the N–H stretching vibration. Additionally, an asymmetric stretching 

peak at 1273 cm-1 was attributed to the C–N bond in the pterin ring of the folate 

residues. Peaks at 1644 cm-1 and 1447 cm-1 were linked to C=O stretching and C–O 

bending vibrations, respectively.  

While the N–H stretching vibration peak of the CDs remained evident in the FTIR 

spectra of both FMIM and FNIM, this peak was shifted due to the presence of an OH 

group in the polymer structure. Moreover, its intensity was reduced because of the CDs' 

integration into the polymer matrix.  
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In the FTIR spectra of both FMIM and FNIM strong peaks were observed at 1705 

cm-1 corresponding to the carbonyl group stretching within the polymer, and peaks at 

1359 cm-1 were related to C–H bending. The IR spectra of both FMIM and FNIM were 

nearly identical, reflecting their similar chemical structures (272). 

 

Figure 49. FT-IR spectra comparing the chemical profiles of CDs, FMIM, and FNIM, 

illustrating the distinct functional groups. 

4.4.4.3. Thermal characterisation  

The TGA curves depicted in Figures 50a and 50b revealed two weight loss stages: 

the initial loss around 100°C, which was attributed to moisture evaporation, and the 

subsequent loss around 450°C, indicating membrane decomposition. The DSC 

thermograms for FMIM and FNIM, shown in Figures 50c and 50d, displayed prominent 

endothermic peaks near 100°C, reflecting the high water content within the membrane. 

These results highlighted the excellent thermal stability of both FMIM and FNIM. The 

close alignment of the DSC and TGA curves for both types of membranes further 

supported their structural similarity and confirmed the absence of any residual target 

material in the FMIM. 
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Figure 50. TGA thermograms of a) FMIM and b)FNIM and DSC thermograms for (c) 

FMIM and d) FNIM. 

4.4.4.4. Functional characterisation 

The results of the binding kinetics experiments conducted on FMIM and FNIM 

are graphically illustrated in Figure 51.  

 

Figure 51. Binding kinetics of FMIM and FNIM (average of triplicate measurements). 
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The graph shows that FMIM exhibited a noticeably enhanced binding capacity 

compared to FNIM, with the highest binding capacity reached after 4 hours. Following 

this period, a slight reduction in binding capacity was observed, likely due to the release 

of pepsin from the binding sites as equilibrium was reached, which can be attributed to 

the bulky structure of the pepsin molecule. Pseudo-first and pseudo-second order 

kinetics parameters were computed for the experimental data of both FMIM and FNIM, 

as illustrated in Table 17. From the presented data, it was concluded that both FMIM 

and FNIM followed a pseudo-second order kinetics model, suggesting that binding 

followed a chemical absorption mechanism. 

Table 17. Binding kinetics parameters for FMIM and FNIM applying two binding orders. 

Pseudo first order parameters 

FMIM FNIM 

K1 (min -1) Qe (mg g-1) R2 K1 (min -1) Qe (mg g-1) R2 

0.032 12.83 0.60 0.057 12.12 0.7700 

Pseudo second order parameters 

FMIM FNIM 

K2 (g mg-1 min-1) Qe (mg g-1) R2 K2 (g mg-1 min-1) Qe (mg g-1) R2 

20500.51 18.83 0.9447 4691.98 13.42 0.9359 

K1 and K2 are the first and second order rate constants respectively, Qe is the quantity of pepsin adsorbed 

per gram of polymer at equilibrium, and R2 is the linearity coefficient. 

A linear correlation was found between the binding capacity (Q) and the 

concentration of pepsin (mg mL-1) in the binding isotherm experiments performed on 

both FMIM and FNIM, as illustrated in Figure 52.  
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Figure 52. Binding isotherms of FMIM and FNIM (average of triplicate measurements). 

To gain a deeper insight into the binding mechanisms, the experimental data 

were analysed using both Langmuir and Freundlich isotherm models. According to 

Table 18, the data for both FMIM and FNIM aligned more closely with the Langmuir 

model, indicating that the binding process occurred as a monolayer on a uniform 

surface. 

Table 18. Adsorption isotherm parameters of FMIM and FNIM applying two models. 

Langmuir isotherm 

FMIM FNIM 

KL (L mg-1) Qmax (mg g-1) RL R2 KL (L mg-1) Qmax (mg g-1) RL R2 

0.79 45.97 0.68 0.9944 153.25 14.51 0.011 0.9570 

Freundlich isotherm  

FMIM FNIM 

n KF R2 n KF R2 

1.34 21.13 0.9846 0.79 21.15 0.9536 

KL and KF are the Langmuir constant and Freundlich constant respectively, Qmax is the theoretical 

maximum adsorbed concentration, RL is the separation factor (1/1+Ceq.KL), n is the variation trend 

coefficient for the adsorption isotherm, and R2 is the linearity coefficient. 
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The selectivity of FMIM was verified by comparing its binding capacity Q with 

that of the corresponding FNIM and calculating the imprinting factor (IF) using this 

formula. 

                                                        𝐼𝐹 =
𝑄𝑀𝐼𝑃𝑠 

𝑄𝑁𝐼𝑃𝑠
                                                            (eq. 15) 

At a pepsin concentration of 0.5 mg mL-1, the IF value was 1.83, giving a numerical proof 

of FMIM's selectivity. 

The results of the selectivity tests conducted against other competitor enzymes, 

including amylase and lipase, are shown in Figure 53. These results demonstrated the 

superior selectivity of FMIM for pepsin compared to other enzymes that coexist with 

pepsin in saliva.  

 

Figure 53. Selectivity of FMIM and FNIM for pepsin against other proteins (average of 

triplicate measurements). 

The selectivity factor (α) was computed for each competitor enzyme using this 

formula. 



 

191 
 

                                                 𝛼 =
𝑄𝑀𝐼𝑃.𝑡𝑎𝑟𝑔𝑒𝑡

𝑄𝑀𝐼𝑃.𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑜𝑟
                                                         (eq. 16) 

The values of α for FMIM were 5.8 for amylase, 3.17 for lipase, 7.26 for 

thrombin, and 4.5 for ɣ-globulin. These values confirmed that FMIM could bind 

selectively to pepsin in saliva without cross interference from other coexistent 

enzymes. 

4.4.5. Effect of pH on the fluorescence response 

The pH value is a crucial parameter that can impact the fluorescence intensity 

of CDs, thereby affecting the sensitivity of the developed FMIM. Additionally, pH can 

influence the protein adsorption process by controlling properties of the protein such 

as ionisation, charge, and conformational integrity. Therefore, the fluorescence 

intensity of FMIM before and after binding the target was studied at different pH values 

to assess this effect. The results, shown in Figure 54, revealed that the fluorescence 

intensity, before binding pepsin, was the highest from pH 5 to pH 7, with the peak at 

pH 5, consistent with the reported method for synthesising CDs (282). However, after 

binding pepsin, the fluorescence intensity was the highest at pH 7. This pattern could 

be explained by the ionisation states of the interacting groups. At a lower pH (below 4 

– 5), the carboxylic groups (pka ~ 4) of pepsin were protonated, reducing the binding 

interaction between the CDs and pepsin, leading to lower fluorescence. As the pH rose 

towards neutrality, these groups deprotonated, enhancing electrostatic interactions 

and hydrogen bonding between the CDs and pepsin, resulting in a peak fluorescence at 

pH 7. An optimal interaction occurred between the deprotonated carboxylic groups on 

pepsin and the amino groups on the CDs, which were not yet fully ionised.  

 



 

192 
 

Beyond pH 7, the decrease in fluorescence happened due to potential changes 

in pepsin's conformation that weaken the interaction with the binding sites in FMIM. 

Moreover, FMIM synthesis was conducted at pH 7.0, making the binding sites 

complementary to the conformation of pepsin at this pH, which is also within the 

physiological pH range of saliva (6.2 – 7.6) (238), the target matrix. Therefore, to achieve 

the highest possible fluorescence and optimal pepsin binding, pH 7 was chosen as the 

optimum pH for all the binding experiments. 

 

Figure 54. Influence of pH on the fluorescence intensity of FMIM in the presence and 

the absence of pepsin (average of triplicate measurements). 

4.4.6. Mechanism of fluorescence enhancement  

The enhancement of fluorescence of FMIM upon binding pepsin could be 

explained by several factors related to the interaction between pepsin and the CDs in 

the matrix of the FMIM. When pepsin bound to the binding sites containing CDs, it 

effectively passivated the non-radiative recombination sites on the CD surfaces. This 

reduction in non-radiative pathways led to an increase in fluorescence emission 

(286,287).  
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Additionally, the binding of pepsin to the folic acid residues on the surface of 

the CDs could cause conformational changes that stabilise the structure of the CDs, 

reducing quenching mechanisms and increasing fluorescence (288). Finally, the specific 

binding of pepsin to the imprinted sites could create a favourable environment for 

energy transfer mechanisms. Since pepsin binding could facilitate efficient energy 

transfer to the fluorescent centres of the CDs, it could lead to enhanced fluorescence 

(289). 

4.4.7. Application to saliva samples 

The FMIMs and FNIMs were tested to see how their fluorescence was enhanced 

when they bind with pepsin, both in solution and in spiked saliva samples. The FMIM 

was viewed under UV light in absence and the presence of pepsin both in solution and 

in spiked saliva samples. The samples were prepared in phosphate buffer (pH 7.0) and 

the visualisation was at room temperature. As depicted in Figure 55, there was a 

marked increase in fluorescence intensity of the FMIM and FNIM after binding with 

pepsin, indicating successful interaction. The tested concentration of pepsin in this 

qualitative experiment was 0.5 mg mL-1, the FMIM, continued to show a visible 

fluorescent signal until the concentration of 0.1 mg mL-1, after which the signal did not 

visibly change. While the visual fluorescence signal was apparent at higher pepsin 

concentrations, this sensitivity still supported the effectiveness of FMIMs as a 

biosensor. For lower concentrations or precise quantification, further measurements 

can be accurately performed using spectrofluorometers equipped with a membrane 

and film solid samples holder.  
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This dual capability highlights the potential of FMIMs for both qualitative and 

quantitative analysis of pepsin, making it a versatile tool for diagnostic applications. 

 

Figure 55. Fluorescence images under UV light for (a) FMIM and FNIM in solution with 

and without pepsin; (b) FMIM and FNIM in saliva with and without pepsin. 
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4.5. Conclusion 

In this study, a new fluorescent molecularly imprinted membrane was 

developed to be both selective and cost-effective for binding pepsin enzyme. Various 

monomers were tested to optimise both binding performance and mechanical stability. 

The resulting FMIM demonstrated exceptional selectivity for pepsin compared to the 

fluorescent non-imprinted membrane and other competing enzymes. Carbon dots with 

high fluorescence intensity were incorporated into the membrane matrix, enhancing its 

ability to serve as a visual sensor for pepsin. As a result, pepsin binding to the FMIM led 

to a noticeable increase in fluorescence. Both the FMIM and FNIM were thoroughly 

characterised using various analytical techniques to assess their properties, stability, 

and binding behaviour. Ultimately, the FMIM and FNIM produced a clear visual 

response when pepsin was bound in both solution and spiked saliva samples. 
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Chapter 5. Investigating Polydopamine-Based Molecularly 

Imprinted Polymers for Pepsin Extraction and Detection 

5.1. Background 

5.1.1. Dopamine as a neurotransmitter  

Dopamine, a crucial neurotransmitter, plays a multifaceted role in both the 

central and peripheral nervous systems, making it a subject of extensive research in 

the field of neuroscience and beyond. In the brain, dopamine is involved in various 

vital functions, including reward and pleasure, motor control, mood regulation, and 

cognitive processes (290). Dysregulation of the dopaminergic system has been 

implicated in several neurological and neuropsychiatric disorders, such as Parkinson's 

disease, schizophrenia, and addiction. Additionally, recent research has expanded the 

understanding of dopamine's broader role in peripheral organs, contributing to 

functions like cardiovascular regulation, immune response modulation, and 

gastrointestinal motility. This versatile neurotransmitter continues to be a focal point 

of scientific investigation, with implications not only for neurological health but also 

for a broader understanding of physiology and behaviour (290). 

5.1.2. Dopamine as a monomer 

Dopamine is an interesting molecule with a chemical structure that intrigues 

research. It consists of a catechol structure, which comprises two hydroxyl groups 

(OH) attached to a benzene ring. In aqueous solutions, particularly at higher pH 

values, dopamine exhibits the intriguing ability to undergo auto-polymerisation, 

leading to the formation of a polymer known as polydopamine (PDA) as represented 

in Figure 56.  
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This unique property has caught significant attention in various fields, 

including materials science and bioengineering, as it allows for the development of 

surface coatings and functional materials with a wide range of applications, from drug 

delivery to biosensors (291). Therefore, dopamine has gone beyond its traditional role 

to become a pivotal monomer in the synthesis of polymers and materials. Its natural 

ability to undergo oxidative self-polymerisation allows for the facile formation of PDA 

coatings on diverse substrates, including nanoparticles and monoliths (292).  

 

Figure 56. Polymerisation of dopamine into polydopamine. 

This distinctive property has encouraged researchers to prepare MIPs with 

tailored binding cavities, providing a versatile foundation for molecular recognition. 

Herein, the PDA layer serves as a unique scaffold for imprinting target molecules, 

these scaffolds are capable of identifying and binding the target analyte in different 

matrices (293). 

The integration of dopamine into the synthesis of MIPs provides several 

reported advantages. The simplicity of the PDA coating process accelerates MIP 

fabrication, facilitating reproducibility and large-scale production.  
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Furthermore, PDA MIPs also exhibit greenness, enabling utilisation across a 

spectrum of environmental applications. Their versatility, combined with the 

potential for tailor-made binding sites, grants good control over molecular 

recognition (293). 

5.1.3. Applications of PDA MIPs 

Dopamine has emerged as a versatile monomer in the development of MIPs 

with a wide range of applications spanning catalysis, analysis, drug delivery, and 

sensing. In catalysis, dopamine-imprinted polymers have been employed as 

molecularly selective catalysts, offering enhanced catalytic activity and selectivity for 

various chemical reactions. One example includes the development of PDA MIPs for 

in situ activation of peroxydisulfate without metal active sites for targeted pollutants 

removal (294). In analytical chemistry, PDA MIPs serve as very good sorbents for 

sample preparation, enabling efficient extraction and pre-concentration of analytes 

from complex matrices. These materials have found extensive use in solid-phase 

extraction and chromatographic techniques, facilitating accurate and sensitive 

analytical measurements (295). Applications of PDA MIPs in analytical chemistry are 

numerous and apply to many targets. This includes pharmaceutical drugs such as 

metronidazole (296), ecstasy (297), pregabalin (298) or drug metabolites (299), and 

different biomarkers (300–302). In drug delivery, PDA MIPs have showcased their 

potential for controlled release systems, allowing for precise and targeted drug 

delivery, reducing side effects, and improving therapeutic outcomes (303). 
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Additionally, PDA MIPs have been integrated into multiple sensor types, 

demonstrating remarkable selectivity and sensitivity in detecting specific analytes. 

PDA MIPs have been included in electrochemical sensors, in which PDA MIPs are 

fabricated on the surface of the electrode to increase its selectivity and sensitivity 

(297,298). In addition, PDA MIPs have been applied in optical sensors such as 

fluorescent sensors, in which case the binding of target causes an increase or decrease 

in the fluorescence (296,301) or through the integration with surface enhanced 

Raman scattering (304). 

The development of PDA MIPs in protein biomarker analysis has been a recent 

trend due to its great convenience. By imprinting the three-dimensional architectures 

of specific protein targets, these synthetic materials offer the potential to selectively 

capture and quantify proteins of interest. This capability extends to the detection of 

elusive and low-concentration biomarkers, often encountered within complex 

biological matrices (300). 

5.1.4. Challenges in the synthesis of PDA MIPs for protein targets 

While PDA MIPs offer an appealing platform for protein biomarker analysis, 

challenges emerge. The inherent complexities of protein structures and 

conformations necessitate meticulous optimisation to achieve precise and selective 

recognition. Achieving optimal imprinting conditions, compatibility with complex 

biological matrices, and addressing potential non-specific interactions remain focal 

points of exploration (144). 
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PDA synthesis often involves the oxidation of dopamine in the presence of 

oxygen or oxidising agents at an alkaline pH. The reaction proceeds through the 

oxidative self-polymerisation of dopamine molecules, resulting in the formation of a 

brown-black precipitates (292). The specific pH required for dopamine polymerisation 

may vary depending on the reaction conditions and the intended application, but a 

pH above 8.0 is generally recommended for this process (292). However, imprinting 

proteins using dopamine as a monomer can be a challenging work due to the 

necessity of maintaining a relatively high pH (typically above 8) during the 

polymerisation process. This elevated pH can significantly impact the conformation of 

the protein molecules and alter them from their native forms, and therefore their 

identification by the developed MIPs in biological matrices would be compromised. 

Additionally, the alkaline conditions required for dopamine polymerisation can 

potentially lead to damaging effects on the protein itself, such as denaturation or 

aggregation (305). As a result, achieving precise molecular imprinting of proteins 

while preserving their structural integrity within PDA MIPs presents a challenge, 

requiring meticulous optimisation of reaction conditions. 

5.2. Aims and Objectives of this work 

This study explored the synthesis of MIPs by employing dopamine as a 

monomer to create a PDA layer atop silica nanoparticles, aiming to capture pepsin 

enzyme, the diagnostic biomarker for GERD. In the literature survey, no PDA MIPs 

have been reported for the binding of pepsin.  
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Therefore, the aims of this work were: 

• To develop new PDA MIPs for pepsin. 

• To optimise the synthesis procedure to reach the best binding. 

• To characterise the resulting PDA MIPs to verify their functionality. 

• To apply the developed MIPs for the extraction of pepsin from different 

solutions and samples. 

5.3. Experimental  

5.3.1. Materials and Instrumentation 

Dopamine 99%, Tris base 99.9%, citric acid 99%, ammonia solution 25%, 

sodium hydroxide 98%, tetraethyl orthosilicate for synthesis (TEOS), and 3-

aminopropyl)triethoxysilane 98% (APTES) were purchased from ThermoFisher (UK).  

Absolute ethanol 99.5%, toluene 98%, acetone 99.5%, phosphate buffered saline 

(PBS) tablets (pH 7.2), sodium dodecyl sulphate 99% (SDS), glacial acetic acid 99%, and 

deionised water were all purchased from Sigma Aldrich (UK). 

UV spectra were obtained using a Cary UV-Vis compact spectrophotometer, 

with data analysis performed using Cary UV Workstation™ software version 1.0.1284 

(Agilent, UK). Fluorescence detection was carried out with a UV lamp (UVitec, UK) at 

a wavelength of 365 nm. Thermogravimetric analysis was performed using a TGA 550 

instrument (TA Instruments, UK) with Trios™ software version 10.00 (UK), while 

differential scanning calorimetry was conducted on a DSC25 series instrument (TA 

Instruments, UK) using Trios™ software version 5.4.0.300. Infrared spectroscopy was 

carried out with a Nicolet iS5 Fourier transform infrared spectrometer (Thermo Fisher 

Scientific, UK), operated with OMNIC™ software (UK).  
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Synthesis of CDs was performed using a UKFengHeng™ Teflon-lined stainless-

steel autoclave. Weighing of chemicals was performed using Sartorius handy balance-

H51 (Hannover, Germany). Data processing and graph plotting were carried out using 

Origin™ 8.5 software (Origin Lab Corporation, North Hampton, USA). 

5.3.2. Choice of core material 

CDs were tested as core material to PDA MIPs in order to impart a fluorescent 

quality to the resulting MIPs. The utilisation of CDs in the development of MIPs offers 

a unique set of advantages. The use of CDs would enable real-time monitoring of the 

MIP binding process, making it particularly advantageous for sensing and biosensing 

applications. Additionally, CDs are renowned for their biocompatibility and low 

toxicity, rendering them suitable for imprinting biological macromolecules, including 

proteins and nucleic acids. Their small size and high surface area-to-volume ratio also 

contribute to the creation of highly porous MIP structures with enhanced binding 

capacities and rapid analyte recognition (306). The use of CDs as a core material for 

PDA MIPs has been reported several times (301,307), which encouraged testing them 

for pepsin.  

Silica nanoparticles (NPs) were also tested as a solid support for the 

polymerisation of dopamine. Their high surface area and tuneable pore size make 

them ideal support for creating well-defined and highly specific binding sites within 

the polymer matrix. Moreover, silica NPs can be readily functionalised with a variety 

of functional groups, facilitating precise control over the interactions between the 

template molecule and the monomers during the imprinting process. This allows for 

enhanced selectivity and affinity of the resulting MIPs towards the target analyte.  
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Moreover, silica NPs provide mechanical stability to the MIPs, improving their 

durability and resistance to mechanical stress, which is especially valuable in practical 

applications. Additionally, their compatibility with a wide range of solvents simplifies 

the synthesis process (308). The application of silica NPs as solid support for PDA MIPs 

has been reported multiple times either as bare silica NPs or functionalised silica NPs 

(302,309–312). These appealing properties derived this study into developing PDA 

MIPs for pepsin using silica NPs. 

5.3.3. Synthesis of carbon dots 

Synthesis of CDs was adapted from a reported method which utilises citric acid 

as carbon source (313). Citric acid (2g) was mixed with 50 mL ultrapure water and 

stirred until a clear solution was obtained. Ammonia solution was gradually added to 

the mixture to reach pH 7.0 afterwards the solution was transferred to a Teflon lined 

stainless steel autoclave and heated to 200 °C for 6 hours. The resulting solution was 

filtered through a 0.45 µm filter and stored in a dark container to avoid 

photobleaching. 

5.3.4. Synthesis of silica NPs 

Silica NPs were prepared according to Stöber method via the hydrolysis of TEOS 

in alkaline medium (314). TEOS (13.5 mL) was dissolved in 136.5 absolute ethanol in 

a 500 mL round bottom flask. A mixture of 30 mL ammonia, 70.5 mL ultrapure water, 

and 48 mL absolute ethanol was added to the above solution gradually under vigorous 

stirring. After 2 hours, the cloudy white solution was collected and centrifuged to 

obtain the silica NPs. The product was washed twice with water and ethanol to 

remove traces of the starting materials. 
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5.3.5. Functionalisation of silica NPs 

In order to improve the interaction of silica NPs with the monomer and the target 

protein, it was better to functionalise the surface with amino functional groups 

applying a modified reported method (315). The resulting silica NPs (1g) from the 

previous step were dispersed in 80 mL toluene via ultrasound sonication and then 

heated to 90 °C. Afterwards, 2 mL of APTES dissolved in 20 mL of toluene were added 

to the above solution dropwise with vigorous stirring. The solution was left to react 

for 12 hours under a N2 atmosphere. The resulting NPs were centrifuged and washed 

with acetone and ethanol, and then dried at 70°C under vacuum.  

5.3.6. Synthesis of fluorescent PDA MIPs 

The fluorescent PDA MIPs were prepared via incorporating CDs in their structure 

using a reported method with slight modifications (316). The CDs solution (200 µL) 

was added to 25 mL of Tris buffer (pH 8.2) followed by the addition of 30 mg pepsin. 

The solution was stirred for pre-assembly for 1 hour followed by the addition of 200 

mg dopamine. The solution was stirred at room temperature for 24 hours, then the 

black polymer precipitates were collected and centrifuged. Pepsin was removed from 

the binding sites via washing with 1% (w/v) SDS / 10% (v/v) acetic acid mixture for 4 

hours followed by rinsing with distilled water twice and drying under vacuum to 

obtain the solid precipitates. PDA NIPs were prepared simultaneously without the 

addition of pepsin. 
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5.3.7. Synthesis of PDA MIPs on silica NPs 

The amino functionalised silica NPs, prepared in the previous step, were used 

as a solid support in the core of PDA MIPs. The procedure was adopted from a 

reported method with some modifications (317). Silica-NH2 NPs (200 mg) were 

dispersed in 25 mL of Tris buffer (pH 8.2) followed by the addition of 30 mg pepsin. 

The solution was stirred for pre-assembly for 1 hour followed by the addition of 200 

mg dopamine. The solution was stirred at room temperature for 24 hours, then the 

black polymer precipitates were collected and centrifuged. Pepsin was removed from 

the binding sites via washing with 1% (w/v) SDS / 10% (v/v) acetic acid mixture for 4 

hours followed by rinsing with distilled water twice and drying under vacuum to 

obtain the solid precipitates. PDA NIPs were prepared simultaneously without the 

addition of pepsin. The functionalisation and the synthesis procedures are illustrated 

in Figure 57. 

 

Figure 57. Functionalisation of silica NPs and the synthesis of PDA MIPs. 
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5.3.8. Protein binding experiments 

To confirm the effectiveness of the molecular imprinting process, individual 

binding assays were conducted for each of the synthesised polymers using a known 

concentration of pepsin. These binding experiments involved incubating 20 mg of the 

prepared polymers with 5 mL of a 1 mg mL-1 pepsin solution for specific duration of 

time (2 hours). After the optimal binding duration was reached, the solutions 

underwent centrifugation at 4500 rpm for 10 minutes, and the concentration of 

pepsin in the supernatant was determined using UV spectrometry. A blank sample 

consisted of deionised water incubated with the same mass of either PDA MIPs or 

PDA NIPs for the same duration was used in all measurements. To estimate the 

binding capacity of the amount of pepsin adsorbed per gram of polymers was 

calculated using equation 17:  

                                                      𝑄 = (𝐶𝑖 − 𝐶𝑡). 𝑉/𝑚                                               (eq. 17) 

where, Q (mg g-1) is the quantity of pepsin in milligrams adsorbed per gram of 

polymer, Ci (mg mL-1) is the starting concentration of pepsin, Ct (mg mL-1) is the 

remaining concentration of pepsin after incubation time (t), V (mL) is the volume of 

pepsin solution, and m (g) is the mass of PDA MIPs or PDA NIPs applied in the 

experiment. All the experiments were done in triplicate to validate precision of the 

results. 
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5.3.9. Characterisation of PDA MIPs 

Characterisation of the synthesised PDA MIPs constituted an important step 

in the assessment of their success, particularly in terms of their distinct binding 

properties. Therefore, the morphology of these polymers was evaluated using SEM, 

allowing for an estimation of particle size. Furthermore, FTIR spectra were acquired 

over the range of 4000 – 500 cm-1 for pepsin, silica-NH2 NPs, PDA MIPs, and PDA NIPs 

to identify key spectral features, ensure template removal, and confirm the absence 

of residual starting materials. 

TGA and DSC were carried out on silica NPs, silica-NH2 NPs, PDA MIPs, and PDA 

NIPs. Data obtained from TGA, and DSC analyses served to confirm the completeness 

of polymerisation, detect any unreacted starting materials, and quantify the moisture 

content. TGA was conducted over a temperature range of 40 to 800°C with a heating 

rate of 10°C min-1 under a nitrogen gas flow of 50 mL min-1, while DSC measurements 

covered a temperature range of 25 to 400°C with a heating rate of 10°C min-1. 

To elucidate the order of binding kinetics, rebinding experiments were 

performed on the developed polymers at varying time intervals. Specifically, 25 mg of 

the PDA polymers were incubated with 5 mL of a 1 mg mL-1 pepsin solution for time 

periods ranging from 0 to 4 hours. The quantity of pepsin adsorbed per gram (Q) was 

plotted against time to deduce the binding kinetics order. 
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Binding isotherm characterisation was conducted as well on PDA MIPs and NIPs 

via incubating a certain mass of polymers (25 mg) with a specific volume of pepsin 

(5mL) of increasing concentrations from 0.2 to 1.2 mg mL-1 for 2 hours. 

To evaluate the binding selectivity, the binding performance of PDA MIPs was 

compared to that of their respective PDA NIPs, with the imprinting factor (IF) 

calculated by dividing Q values for MIPs by those for their corresponding NIPs.  

5.3.10.Fluorescence measurements for fluorescent PDA MIPs 

The produced fluorescent PDA MIPs were initially examined under the UV light for 

visual detection of fluorescence. Furthermore, the produced CDs solution, a 

suspension of PDA MIPs and PDA NIPs (3mg mL-1) in PBS buffer (pH 7.0) were 

measured using a spectrofluorometer at λexc= 320 nm and λem=410 nm. 

5.4. Results and discussion 

5.4.1. Synthesis of CDs 

In the synthesis of CDs from citric acid, hydrothermal reactions at 200°C were 

sufficient to complete the carbonisation process, resulting in the production of 

fluorescent particles (313). In this process, ammonia reacted with citric acid in a 

pressurised environment, leading to the formation of citrazinic acid at temperatures 

exceeding 96°C. Because of the slow kinetics of this breakdown process and the 

relatively low nucleophilic strength of ammonia, the yield of citrazinic acid remained 

limited. Under these hydrothermal conditions, the carboxylic end of citric acid had 

the potential to react with terminal alcohols, resulting in the formation of networks 

held together by ester bonds (313) as shown in Figure 58.  
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Figure 58. Hydrothermal synthesis of CDs from citric acid. 

5.4.2. Synthesis and functionalisation of silica NPs  

Uniform sized and well dispersed silica NPs were synthesised by the Stober 

method in which TEOS is used as silicon source in alkaline medium provided by 

ammonia (314). In order to maximise the interaction between silica NPs and pepsin, 

silica was further functionalised with amino groups using APTES to create (SiO2-NH2) 

(315). In this way, electrostatic interactions were predicted to be formed between the 

amino groups on silica NPs and the carboxylic groups in the protein backbone 

resulting in better binding. Silica NPs and amino functionalised silica NPs were 

characterised via FTIR to ensure complete functionalisation. 
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5.4.3. Synthesis of PDA MIPs on CDs  

In an attempt to create fluorescent PDA MIPs, CDs prepared from citric acid 

via hydrothermal reaction were incorporated in their structure. The rationale behind 

this was that the further binding of pepsin to the binding sites in dopamine would 

result in quenching of fluorescence in a linear fashion which can be used to determine 

pepsin’s concentration. However, after synthesis of PDA MIPs, there was a significant 

reduction in the native fluorescence of CDs observed both under UV light and 

quantitatively using the spectrofluorometer as shown in the Figure 59. 

 

Figure 59. Excitation and emission spectra of CDs solution and the emission 

spectrum of PDA MIPs on CDs. Inset. Picture under UV for a drop of CD solution and 

PDA MIPs powder. 
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This could be attributed to many factors including mainly the black colour of PDA 

physically obscuring the fluorescence of CDs and the deep incorporation of CDs in the 

polymer matrix. This reduction in fluorescence was detrimental to their application. 

Therefore, the amount of dopamine in the reaction was reduced to 100, 50, and 25 

mg however, the same outcome was observed for all the amounts of dopamine. As a 

result, this method came to an end and CDs were substituted with silica-NH2 NPs as 

sacrificial support in PDA MIPs. 

5.4.4. Synthesis of PDA MIPs on silica-NH2 NPs 

Silica NPs were used as a sacrificial support for PDA MIPs due to their wide 

variety of appealing properties including uniform size range, biocompatibility, and 

functionalisation ability. At the beginning, bare silica NPs were used as a support, 

however, binding to pepsin was very minor. Therefore, silica NPs were further 

functionalised with amino groups via APTES to enhance the interaction with pepsin. 

The initial results of the binding capacity showed very minor difference in binding 

between MIPs and NIPs. In an effort to enhance the binding capacity and increase the 

imprinting factor (IF), a complete optimisation of the reaction conditions and the 

starting materials was carried out. Variable amounts of dopamine, pepsin, and silica-

NH2 NPs were tested in addition to varying the pH in the alkaline range from (7.5 to 

9.0). The results of optimisation are shown in Figure 60.  
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Figure 60. Optimisation of different parameters for the synthesis of PDA MIPs, a) 

amount of dopamine, b) amount of pepsin, c) amount of silica NPs, d) pH (average of 

triplicate measurements each). 

The results of optimisation shown in the figure showed that the binding 

capacity reached higher values ~ 160 mg g-1; however, NIPs exhibited very similar if 

not higher values resulting in very low imprinting factors. These results indicated that 

the binding of MIPs to pepsin is governed by non-specific binding. These findings 

come in contradiction with the huge volume of published work applying dopamine as 

monomer for MIPs for various targets.  

5.4.5. Possible explanation of the poor binding behaviour of PDA MIPs 

A thorough literature search was conducted to explore improved methods or 

modifications to enhance binding efficiency. During this process, a study highlighting 

the issue of non-specific adsorption in PDA MIPs following the template removal step 
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emerged (318). The researchers developed magnetic PDA MIPs and compared their 

binding efficiency with both unwashed and washed PDA NIPs.  

They observed that, in most prior studies on PDA MIPs, only the MIPs were 

washed with a washing solution, while the NIPs were simply dried and tested without 

further treatment. To address this, they compared the binding of PDA MIPs to both 

washed and unwashed PDA NIPs. The findings revealed that both the PDA MIPs and 

the washed PDA NIPs showed similarly high binding capacities, significantly higher 

than those of the unwashed PDA NIPs (318). This suggested that the apparent 

superior binding capacity of PDA MIPs reported in the literature could primarily result 

from the non-specific binding, rather than the creation of specific binding sites in the 

polymer. Further analysis showed that the washing process likely disrupted the 

binding cavities in PDA MIPs and activated the PDA surface, increasing non-specific 

interactions. The authors also tested various washing solutions, including acetonitrile: 

acetic acid (20%:3%), sodium hydroxide (pH 11), methanol, and methanol: acetic acid 

(9:1 v/v), and found similar results, particularly with acetic acid, which notably 

increased the binding capacities of both PDA MIPs and PDA NIPs (318). When 

comparing the binding capacity of PDA MIPs washed with methanol: acetic acid (9:1 

v/v) to PDA NIPs washed only with water, it was initially assumed that the superior 

binding observed in the MIPs was due to the imprinted cavities. However, this 

assumption proved incorrect. In fact, PDA NIPs that underwent the same washing 

procedure as the MIPs (using the same solvent and washing duration) exhibited 

similarly high binding capacities, comparable to those of the MIPs. 
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These results concorded with the findings of this work, since PDA NIPs were 

always washed simultaneously along PDA MIPs and therefore, providing a good 

explanation and insight into why the binding capacity of both PDA MIPs and PDA NIPs 

were very close even with thorough optimisation. 

A binding selectivity assay towards pepsin was conducted for both PDA MIPs 

versus PDA NIPs and the imprinting factor (IF) was computed using the formula. 

                                                     𝐼𝐹 =
𝑄𝑀𝐼𝑃𝑠 

𝑄𝑁𝐼𝑃𝑠
                                                               (eq. 18) 

Using a concentration of 1 mg mL-1 of pepsin, the IF value was 1.02, which proved the 

poor selectivity of PDA MIPs compared to PDA NIPs even after careful optimisation of 

the reaction parameters. 

5.4.6. Characterisation of PDA MIPs and NIPs 

5.4.6.1. Morphological characterisation  

The produced PDA MIPs and NIPs were visually inspected under SEM to 

determine their shape, relative size and ensure the complete coating of the silica NPs 

with PDA. The SEM pictures shown in Figure 61 revealed the formation of uniform 

sized silica NPs of an estimated size of ~ 210 nm. The further functionalised NPs did 

not show an increase in size. However, the pictures showing PDA MIPs and NIPs 

revealed a slight increase in the diameter to approximately 270 nm proving the 

grafting of the polymer on the surface causing PDA MIPs and NIPs to retain the same 

spherical shape. 



 

216 
 

 

Figure 61. SEM images of a) silica NPs 100 nm, b) silica-NH2 NPs, c) PDA MIPs 120 

nm, and d) PDA NIPs 120 nm. 

5.4.6.2. Chemical characterisation 

The synthesised silica-NH2 NPs, PDA MIPs and NIPs, as well as pepsin itself, 

were measured via IR spectroscopy to ensure complete grafting of PDA and absence 

of pepsin in the binding sites. Figure 62 shows the IR spectra of all samples. The 

distinctive peaks for amino functionalised silica NPs at 3334, 3037, and 1500 cm-1 

corresponding to the amino group, residual C-H  stretching and bending, respectively, 

could be discerned. However, those peaks were completely absent in the IR spectra 

of PDA MIPs and NIPs indicating complete grafting of PDA on the surface. Moreover, 

the distinctive peaks of pepsin at 3236 cm-1 and 757 cm-1 were absent in the spectrum 

of PDA MIPs proving complete template removal. 
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Figure 62. FT-IR spectra of silica-NH2 NPs, pepsin, PDA MIPs, and PDA NIPs. 

5.4.6.3. Thermal characterisation 

DSC thermograms (Figure 63) were collected for silica NPs, silica-NH2 NPs, PDA 

MIPs and NIPs. The DSC curves of silica NPs and silica-NH2 NPs showed only an 

endothermic peak around 100°C corresponding to the evaporation of moisture, yet 

DSC curves of both PDA MIPs and NIPs showed two endothermic peaks at around 

100°C and 310°C, indicating the melting of the grafted PDA layer on the surface of the 

thermally stable silica NPs.  

 

Figure 63. DSC thermograms of silica-NH2 NPs, PDA MIPs, and PDA MIPs  
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This data was further verified with TGA (Figure 64), which showed no notable 

difference in the decomposition pattern between PDA MIPs and NIPs due to their 

structural similarity. However, there was an extra weight loss step in the 

thermograms of both compared to silica and silica-NH2 NPs which corresponded to 

the decomposition of the PDA layer at around 310°C.  

 

Figure 64. TGA thermograms of silica NPs, silica-NH2 NPs, PDA MIPs, and PDA MIPs. 

5.4.6.5. Functional characterisation 

In an attempt to understand the binding behaviour of PDA MIPs and 

comparing it to PDA NIPs, a binding kinetics study was conducted. The resulting curves 

from plotting time versus binding capacity (Q) are displayed in Figure 65. The resulting 

curves for both PDA MIPs and NIPs are almost identical, showing maximum binding 

capacity after 2 hours after which the binding reached a plateau.  
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Therefore, if PDA MIPs did exhibit specific binding sites, it should have shown 

a different binding kinetics pattern than NIPs. The MIPs developed in the previous 

chapters and in other reported methods showed faster binding and higher binding 

capacity than NIPs. This was not the case for PDA MIPs further indicating that binding 

was governed by nonspecific interactions. 

 

Figure 65. Binding kinetics for PDA MIPs and PDA NIPs (average of triplicate 

measurements). 

The results of the binding isotherm study are shown in Figure 66. Again, PDA 

MIPs and NIPs exhibited similar binding behaviour which is mostly nonspecific 

towards pepsin with and R2 values of 0.9791 and 0.9404 for PDA MIPs and NIPs 

respectively.  
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Figure 66. Binding isotherms for PDA MIPs and PDA NIPs (average of triplicate 

measurements). 

5.5. Conclusion and recommendations 

In this study, PDA MIPs were synthesised for the selective binding and extraction 

of pepsin, a biomarker for GERD. Two materials, silica NPs and CDs, were evaluated 

as core supports for the PDA MIPs. PDA MIPs developed on CDs exhibited a significant 

reduction in native fluorescence due to adsorption by the black colour of PDA. 

Consequently, silica NPs proved to be a better alternative as a solid support. To 

enhance the interaction between pepsin and silica NPs, the latter were functionalised 

with amino groups via APTES. A series of optimisation experiments were conducted 

to improve the binding affinity of PDA MIPs to pepsin and increase selectivity 

compared to NIPs.  
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However, optimisation had little effect on selectivity, which remained similar to 

that of the NIPs. Characterisation of both MIPs and NIPs was carried out using 

techniques such as SEM, FT-IR spectroscopy, DSC, and TGA to investigate the 

properties of the polymers and determine the cause of the poor selectivity. These 

analyses confirmed polymerisation, uniform particle size, and the absence of target 

molecules. Despite this, binding kinetics and isotherm experiments revealed nearly 

identical behaviour between MIPs and NIPs. A subsequent literature review 

supported these findings, referencing a 2021 study (318) that explained the apparent 

selectivity reported for PDA MIPs in previous literature. It was found that the washing 

step in MIP preparation disrupted the binding cavities and activated the PDA surface, 

increasing nonspecific binding to the target. Since both MIPs and NIPs were washed 

using the same solvent and time intervals, the issue became apparent, highlighting 

the nonspecific binding of PDA MIPs. These conclusions were confirmed through 

binding experiments and characterisation tests on both PDA MIPs and NIPs. Based on 

these findings, the following recommendations are proposed: 

1. The use of a different monomer which provides multiple points of interaction 

with the target via different bonds like electrostatic bonds and hydrogen 

bonds. 

2. Washing must be performed on both MIPs and NIPs simultaneously using the 

same washing solution and same time interval to avoid false high binding 

results for MIPs resulting from nonspecific binding. 

3. The use of different polymerisation systems for carbon dots to avoid physical 

quenching of fluorescence by the colour of the polymer. 



 

222 
 

4. To establish a fair comparison between MIPs and NIPs, all the procedures have 

to be identical including synthesis, washing, binding experiments, and storage. 

5. Specific and non-specific binding are very easy to confuse. Therefore, 

meticulous tests, binding experiments, and validation experiments must be 

performed to ensure that binding of MIPs is due to the presence of binding 

sites not due to uncontrolled interaction between random sites of the polymer 

backbone and the target.
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Chapter 6. General conclusions and future work 

Protein biomarkers are a very important class of biomarkers that have captured the 

attention of many health care professionals in the recent years. Due to their abundance 

in the body, and their ease of detection without the need for invasive procedures, they 

have been the focus for the latest research in the field of diagnostics. Herein, the role 

of analytical chemistry as a science arises to complement the role of diagnostics via 

providing sensitive, reliable, accurate, and cost-effective methods for detection of 

different biomarkers.  

Pepsin, a digestive enzyme, has been identified recently as a biomarker for 

gastroesophageal reflux disease. Abnormal concentrations of pepsin in human saliva 

are indicative of increased reflux resulting in increased stomach contents in the mouth 

including pepsin. However, a meticulous search showed that only very few analytical 

methods had been developed for detection and quantitation of pepsin. Consequently, 

this work took on the burden of developing new, sensitive and applicable methods for 

the extraction, detection, and quantitation of pepsin that can be applied as effective 

tools for diagnosis and can actively contribute to patients’ welfare. 

Molecularly imprinted polymers (MIPs) are a class of synthetic polymers that can be 

tailor made to bind any target of interest with a selectivity that can match that of 

antibodies. MIPs presented an attractive solution for the extraction of pepsin from 

complex matrices such as saliva, where other interfering enzymes and molecules can 

coexist. In addition, MIPs offer an array of advantages that made them the subject of 

choice for this work. These advantages included: high selectivity, ease of synthesis, cost 

effectiveness, reproducibility, long term stability, reusability, and scalability.  
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The first type of MIPs developed in this work were magnetic MIPs, in which 

magnetic iron oxide nanoparticles functionalised with amino functional groups were 

included in the core of MIPs. Different monomers, cross-linkers and different reaction 

conditions were thoroughly tested to achieve the optimum magnetic MIPs that were 

capable of binding pepsin with high selectivity. After careful optimisation, magnetic 

MIPs were found to bind pepsin with a binding capacity (Q) reaching to 190 mg g-1 in 

comparison to their corresponding NIPs. Moreover, the developed MIPs and NIPs were 

carefully characterised using different analytical methods such as FTIR, TGA, DSC, and 

SEM to investigate their qualities and prove their validity. Finally, the developed 

magnetic MIPs were applied successfully for the dispersive solid phase extraction of 

pepsin from saliva samples. After extraction, only a strong neodymium magnet was 

used to separate the magnetic MIPs with the bound pepsin without any need for 

filtration or centrifugation. The bound pepsin could then be released from the MIPs’ 

binding sites using phosphate buffer and became available for further quantitation. The 

developed magnetic MIPs were also reusable up to three cycles of binding and release 

of pepsin contributing significantly to their economic value. 

For the quantitation of the extracted fragments of pepsin via the developed 

MIPs, the literature was investigated for simple and sensitive analytical methods that 

can be applied to the different pepsin samples. Nonetheless, only one LC-MS method 

was found that was concerned with the analysis of pepsin. Despite the sensitivity of this 

method, it was very complicated, not-straightforward, and definitely not applicable. As 

a result, to complement the work and a provide a reliable method for analysis of the 

extracted pepsin fragments, a new HPLC method was developed for pepsin.  
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The developed HPLC method utilised a size exclusion chromatography column 

for effective separation of pepsin. The optimised method applied phosphate buffer (pH 

3.0) as a mobile phase, a flow rate of 0.35 mL min-1, and a UV detection at 270 nm. The 

developed method was validated according to the ICH guidelines regarding accuracy, 

sensitivity, precision, and robustness. Moreover, the developed method covered a 

linear range from 0.5 to 150 µg mL-1 with an R2 value of 0.9989. Furthermore, the 

sensitivity of the developed method was indicated by the measured limit of detection 

value (LOD) of 0.10 µg mL-1 which is ideal for the quantitation of the very low anticipated 

concentrations of saliva in patients with GERD. Finally, the developed method was 

successfully applied to human saliva samples spiked with pepsin without any 

interference from the enzymes coexisting with pepsin in saliva such as amylase or 

lipase. 

 Following the development of the magnetic MIPs, efforts were focused on the 

development of ‘an all in one’ integrated extraction and analytical tool for pepsin. 

Therein, the idea of creating new fluorescent MIPs was born as a type of MIPs that could 

be applied for both the extraction of pepsin and the determination of its concentration 

via the effect on fluorescence. Consequently, the application of fluorescein as a readily 

available and relatively cheap fluorescent dye was taken into account. Fluorescein had 

been employed as a fluorescent dye for many MIPs previously, however, some of the 

works reported reduced sensitivity and a recommendation for testing another dye. 

Therefore, rhodamine B was selected to develop another type of fluorescent MIPs and 

to compare their performance with fluorescein MIPs. The selection of rhodamine B was 

not random, it was based on a structural feature in rhodamine B which is the two 

(diethylamino) groups.  
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It was predicted that at the working pH of synthesis, these two groups would 

carry a positive charge which would enable an electrostatic interaction with the 

negatively charged pepsin molecule resulting in better binding and high selectivity 

towards pepsin. 

The procedure for making both fluorescein MIPs (FMIPs) and rhodamine B MIPs 

(RMIPs) was carefully optimised to ensure the highest selectivity and the best possible 

binding. As predicted, RMIPs exhibited a higher binding capacity value of 256 mg g-1 

compared to FMIPs at 217 mg g-1, as well as faster binding kinetics where maximum 

binding occurred after 1 hour compared to FMIPs at 2 hours. In addition, to establishing 

a complete comparison profile, both FMIPs and RMIPs and their corresponding FNIPs 

and RNIPs were characterised via SEM, FTIR, TGA and DSC to compare their 

performance. Finally, it was noted that the binding of pepsin to both FMIPs and RMIPs 

caused a concentration dependent quenching. Consequently, this quenching was 

exploited as a quantitation technique for pepsin and therefore achieving the goal of an 

integrated extraction and analytical tool. RMIPs showed a superior analytical 

performance covering a linear range from 0.28 to 42.85 µmol L-1 compared to FMIPs 

covering a range from 0.71 to 35.71 µmol L-1. Moreover, the sensitivity of RMIPs was 

confirmed at a lower limit of detection of 0.11 µmol L-1 surpassing the LOD of FMIPs 

being 0.34 µmol L-1. Both RMIPs and FMIPs were applied effectively for the extraction 

and quantitation of pepsin from standard solutions and spiked saliva samples proving 

the achievement of the designated goal of this work. 
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In an attempt to go beyond the traditional MIPs in powder form, molecularly 

imprinted membranes (MIMs) were considered for binding of pepsin. MIMs offered a 

series of advantages that could be useful for binding of pepsin such as the greater 

surface area, the accessibility to the binding sites, and enhanced mass transfer which 

were appealing qualities for binding of large targets such as pepsin. In addition, a 

fluorescent quality was imparted on MIMs via incorporating carbon dots (CDs) in their 

matrix in order to achieve a visual detection of the binding event. A mixture of 

hydrophilic monomers was employed in the synthesis of the fluorescent MIM (FMIM) 

in order to synthesise a hydrophilic FMIM capable of binding pepsin in different 

aqueous matrices in which it normally existed such as saliva. The procedure was 

thoroughly optimised to achieve the optimal balance between a reliable binding 

capacity and a good mechanical stability. The produced membranes were visualised 

under the fluorescent microscope, which revealed that the CDs were uniformly 

distributed in the matrix of FMIM and FNIM. Moreover, the developed membranes 

were also characterised using FTIR, TGA, DSC, and light and fluorescent microscopes to 

investigate their qualities and applicability. Finally, it was noted that binding of pepsin 

to the FMIM caused an enhancement in fluorescence under UV light which could be 

observed with the naked eye. Although the fluorescent signal can be visualised at 

relatively higher concentrations of pepsin, it is still a very promising diagnostic tool for 

pepsin via applying spectrofluorimetric analysis using a solid sample holder accessory. 

 During the literature search for this work, a huge volume of publications that 

utilised dopamine as a functional monomer for the synthesis of MIPs was noted. As a 

result, PDA MIPs were considered in this work for the binding and extraction of pepsin.  
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Dopamine has the ability to self-polymerise at an alkaline pH which was an 

appealing quality to devise a simple and quick method of synthesis of MIPs for pepsin. 

To achieve a core shell, imprinting CDs and silica nanoparticles (NPs) were considered 

for this work. However, after polymerisation the fluorescence of CDs was significantly 

quenched due to the black colour of PDA MIPs. Therefore, only silica NPs were 

employed in this work. Functionalisation of silica NPs with amino groups was carried 

out to enhance the binding with the negatively charged pepsin molecules. During the 

optimisation phase, it was noted that the binding capacity of PDA MIPs was close to 

that of PDA NIPs. Despite all efforts made to optimise the procedure to reach high 

binding capacity and selectivity, PDA NIPs always had similar binding capacity values to 

that of PDA MIPs reaching to 160 mg g-1. Characterisation of the developed PDA MIPs 

and NIPs was conducted via FTIR, TGA, DSC, and SEM to ensure complete 

polymerisation and template removal. Moreover, binding kinetics and binding isotherm 

studies were carried out to identify the origin of the issue. Various characterisation 

techniques ensured a complete polymerisation atop silica nanoparticles and complete 

template removal which ruled out the possibility of errors during synthesis. 

Nevertheless, the binding kinetics and isotherm studies revealed that PDA MIPs 

followed a non-specific binding pattern very similar to PDA NIPs.  

After a literature search for possible explanations for the root of this problem, a 

recent study was found that could explain this issue. In this study, the researchers 

revealed that the high selectivity of PDA MIPs usually reported in different publications 

can be largely attributed to difference in the washing procedure of the developed MIPs 

and NIPs. It was noted that in most of these works, only PDA MIPs were washed for 

target removal while NIPs were only washed with water.  
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This discrepancy caused the activation of PDA surface and rupture of the 

imprinted sites resulting in significant non-specific binding. However, PDA MIPs and 

NIPs washed simultaneously with the same solvent for the same time interval showed 

similar binding capacity due to non-specific binding which agreed with the findings of 

this study. Consequently, this work was not taken further for application into extraction 

of pepsin from different matrices.  

In summary, this thesis offers a set of different MIPs each presenting their 

advantages and potential applications. Magnetic MIPs offered high binding capacity, 

reusability, easy applicability due to their magnetic quality, and effective extraction and 

release of pepsin. The fluorescent FMIPs and RMIPs offered an integrated extraction 

and analysis tool that effectively contributed to the extraction and analysis of pepsin. 

Meanwhile, RMIPs showed superior binding capacity, linearity and lower limit of 

detection than FMIPs. In fact, RMIPs showed the highest binding capacity value of all 

the developed MIPs in this project. The fluorescent MIMs offered a useful binding 

capacity, applicability and ease of synthesis, and most importantly a visual signal upon 

binding of pepsin owing to the enhancement of fluorescence after binding pepsin in 

different samples. If taken further, FMIMs can be a very promising diagnostic and 

analytical biosensor for pepsin. Finally, PDA MIPs were a promising approach for a 

simple synthesis route, however, there were significant issues with the selectivity of the 

developed MIPs in comparison to NIPs that originated from the washing step. 

Unfortunately, these issues could not be mitigated by careful optimisation or utilisation 

of different washing solutions, which brought this work to an early end. 
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The capabilities of MIPs are endless in the field of analytical chemistry and 

biosensor development. There is always room for more development and applications 

that can continuously enhance and contribute to human welfare. Future work will focus 

on the exploration of new types of MIPs for application to other biomarkers or 

molecules of interest including pharmaceuticals. Greener monomers will be considered 

as alternatives for the conventional monomers such deep eutectic solvents and 

chitosan. Higher sensitivity limits will be attempted via using tailor made monomers. 

Moreover, applications to real patients will be considered to effectively contribute to 

the field of health care and diagnostics via collaboration with hospitals and health care 

professionals.
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