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Abstract 

 

In April 2019, the UN issued a warning that the overuse of antibiotics could lead to 10 million fatalities 

annually by 2050. It would also be a significant financial burden as there can be losses of €1.6 billion per 

single strain of antimicrobial resistant (AMR) bacteria, occurring primarily but not limited to the costs of 

medical care, hospitalisation, and patient care. Infiltration of antibiotics into groundwater arises from 

multiple sources; agriculture, highly populated residential areas and pharmaceutical effluents. These 

leached antibiotics journey to river systems cause selective pressure, thereby giving rise to accelerated 

AMR development. One route for aiding this issue is to slow the growth rate the emergence of AMR by 

controlling the levels of antibiotics that gain entry to water systems. To monitor this, a low-cost and reliable 

sensor platform is needed that can rapidly and on-site identify contaminated areas. Molecularly Imprinted 

Polymers (MIPs) are synthetic receptors that have potential for specific detection of contaminants in 

complicated matrices but have found limited commercial applications.  

 The work within this thesis will explore the rational design of MIPs, their optimisation for a plethora of 

targets and the investigation of various applications to exploit their favourable characteristics when 

deployed as sensor platforms. Looking at how these imprinted polymers have been developed and utilised 

in recent times (primarily 2010-2020) and assessing any limitations encountered. These limitations have 

holstered MIP use, giving rise to the need for the critical review, which has been carried out in this thesis, 

on what development is needed to boost their applications to convert them into a mainstream commercial 

tool.  

Most MIP-based sensor systems focus primarily on a single analysis technique. Chapter 3 sees a novel, 

dual detection system developed which facilitates direct validation of the results and therefore can realise 

reliable detection of antibiotics in aqueous samples. Fluorescent monomers have been incorporated into 

the MIP complex allowing for fluorescent analysis as well as thermal, producing a dual sensor platform 

thus vastly enhancing the reliability of the biosensor. 
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Two applications of MIPs, that have been deployed as sensors, have been experimentally assessed. A 

focus on mounting these polymers onto Screen Printed Electrodes (SPEs) and the subsequent thermal 

analysis will be describe in chapter 4. This work comprised of a comparison of two techniques was carried 

out to determine the most appropriate method for attaching the polymers to the surface of the SPE, direct 

polymerisation onto the SPE against dropcasting of MIP particles synthesized by free radical 

polymerisation on the SPE surface. The direct polymerisation proved to afford MIP-modified SPEs to 

have higher levels of binding affinity. Chapter 5 explores  an investigation into the evolution from small 

molecule targets to large macromolecules including whole bacteria. This proof-of-concept study saw a 

yeast mixture used as a target for MIP detection since yeast resembles bacteria in size and shape but does 

not need to be handled in a certified biosafety lab.  

A full evaluation of the work carried out concludes the thesis with an aim to gauge how the work 

undertaken will contribute to the development of a new division of quantitative sensor platforms. 

Secondly, the work produced will construct foundations for what is still needed to push the use of MIPs 

into commercial use to combat the rise in AMR.  
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Considerations 

The enclosed thesis was carried out through the Covid-19 pandemic. Although the project was completed, 

it has been impacted. The primary laboratory was closed for over 2 months which stopped all 

experimentation. Another knock-on effect was the severe limitation on available lab consumables (gloves, 

glassware etc) due to the diverted supply to aid the pandemic, this meant lab experimentation could only 

be carried out as and when these resources were available, the limitation on such supplies lasted 

approximately 6 months. With PPE only sporadically available, experimentation was hindered as and 

when availability arose, which had a significant effect on experimentation output. A delay in an arranged 

internship at BAM Bundesanstalt für Materialforschung und –prüfung, under the supervision of Dr Knut 

Rurack was also experienced. The inability to have access to other lab and the instrumentation within them 

caused issues with characterisation and analysis of polymers produced, primarily linked to the analysis 

carried out by the inverted fluorescent microscope which is located in a hospital lab. The pandemic also 

caused major limitations in regard to conferences and face to face networking 
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Chapter 1. Approaches to the Rational Design of Molecularly Imprinted Polymers 

Developed for the Selective Extraction or Detection of Antibiotics in 

Environmental and Food Samples 

(Published as O. Jamieson et al., Physica Status Solidi (A) Applications and 

Materials Science, DOI:10.1002/PSSA.202100021)[1] 

 

1.1 Abstract   

The World Health Organisation (WHO) reported antimicrobial resistance (AMR) as a global threat 

comparable to terrorism and climate change. The use of antibiotics in veterinary or clinical practice exerts 

a selective pressure, which accelerates the emergence of antimicrobial resistance. Therefore, there is a clear 

need to detect antibiotic residues in complex matrices, such as water, food, and environmental samples, in 

a fast, selective, cost-effective, and quantitative manner. Once problematic areas are identified, extraction 

of the antibiotics can then be carried out to reduce AMR development. Molecularly imprinted polymer 

(MIPs) are synthetic recognition elements produced through the biomarker of interest being used as a 

template in order to manufacture tailor-made ligand selective polymeric recognition sites. They are 

emerging steadily as a viable alternative to natural recognition elements such as antibodies, especially 

given their low-cost, superior thermal and chemical stability that facilitates on-site detection, simplified 

manufacturing process, and avoiding the use of animals in the production process. This chapter will see a 

critical review of literature from primarily 2010–2021 on rational design approaches used to develop MIPs 

for sensing and extraction of antibiotics, providing an outlook on crucial issues that need to be tackled to 

bring MIPs for antibiotic sensing to the market.  
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1.2 The Need for Detection of Antibiotic Residues  

 

1.2.1 Antimicrobial Resistance (AMR) and Its Acceleration through Water Contamination  

 

The word “antibiotic” was first used to coin any small molecule that could hinder the proliferation of 

microbes. The study and experimentation of penicillin derived from fungi and the discovery of soil bacteria 

produced antibiotics like tetracycline and chloramphenicol brought with it the age of antibiotics [2].There 

is a vast array of different antibiotic families from fluoroquinolones to β-lactams to tetracyclines to name 

a few [3]. Each antibiotic within the family will possess the characteristic pharmacophore of that type of 

antibiotic for example the β-lactam ring of penicillin’s. Each pharmacophore is the active backbone of the 

drug molecule which enables it to interact with its target to a desired effect, in this case the inhibition of 

bacterial growth [4]. Each antibiotic family interacts with microbes in different ways. Depending on the 

pharmacophore present, the antibiotic will target a different antigen in different active sites of the bacteria 

and will inhibit the proliferation of the cell in a different way. For example, β-lactams will target penicillin 

binding proteins on the surface and hinder cell replication by inhibiting cell wall synthesis. Tetracyclines 

target the 30S ribosome causing mistranslation of proteins via mismatching the tRNA, this ultimately leads 

to the inhibition of protein synthesis [5]. The breadth of different antibiotics which can target different 

bacteria species has revolutionised health care worldwide however the misuse of antibiotics has become 

an lead to the antimicrobial resistance (AMR) crisis [6]–[8]. In 1945, Alexander Fleming noted in his 

Nobel prize acceptance speech that the ignorant use of antibiotics would lead to resistance towards them. 

As he predicted, 2022 saw antibiotic resistance labelled the leading cause of death worldwide [9]. 

Antibiotics like amoxicillin which are excreted in a 40-80% unmetabolized state, with a half-life of nine 

days[10] leads to low levels of the pharmaceutical present in the environment. These low concentrations 

of the antibiotic are non-fatal and allow microbes to grow resistant towards them, through selective 

pressure. Selective antibiotic pressure is one of the processes in which bacteria colonies are in the presence 
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of low levels of antibiotics [11]. The bacteria cells multiply which brings about inherent mutations as is 

natural with most cell replication. These mutations can cause a host of various characteristics and 

properties, one of which is resistance towards antibiotics. With the antibiotics present in the environment 

killing off the non-resistant bacteria, only the resistant bacteria are left to replicate and divide. This leads 

to a colony of resistant bacteria and the process continues leading to the relevel of resistant becoming more 

significant. This has led to critical implications for the use of antibiotics.  

The World Health Organisation (WHO) predicts ten million annual deaths, globally, due to antibiotic-

resistant infections, by 2050 [12]. The rise in antimicrobial resistance (AMR) bacteria is therefore 

considered a global threat. Cassini et al. [13], studied deaths linked to drug-resistant infections in Europe 

and concluded that 700 000 infections in 2015 were related to resistant bacteria, of which 5% were fatal. 

Similarly, a study by Ventola [14] demonstrated that two million patients in the USA developed hospital-

acquired infections (HAIs), of which 99 000 cases proved fatal, a significant proportion of which were 

also caused by resistant bacteria. In addition to their impact on mortality, these resistant bacteria also pose 

a serious financial burden. Misurski et al. [15], demonstrated that incorrect antibiotic prescription was 

estimated to be a $211 million burden, per year, in the USA alone. These costs are ascribed to prolonged 

hospitalisation, increased morbidity, greater requirement for critical care support, delayed return to the 

workforce, and consequent economic impact associated with reduced productivity. Moreover, recent 

events have led to concerns about a new surge in AMR due to the use of antibiotics in patients with 

COVID-19 [16]. While antibiotics are ineffective against viruses, they can be used in patients with 

confirmed COVID-19 to prevent or treat secondary bacterial infections: an early study from China showed 

that secondary infections and HAIs were present in half of all deceased COVID-19 patients [17]. 

Surprisingly, no current inclusions of antimicrobial stewardship programs (ASPs) in disaster planning or 

emergency response preparedness efforts have been legislated, but there is a strong drive from the medical 

and scientific community to integrate ASPs into disaster planning and appoint stewards in a more formal 

role after the COVID-19 outbreak [18]. Another concerning issue is the possibility of antibiotics leaching 

into water systems, via the effluents of the pharmaceutical  industry, agriculture, and hospitals (Figure 1.1). 
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However, antibiotics are critical to the continuation of modern-day living so a solution is needed that does 

not reduce the ability to use them. Behera et al. [19], studied the introduction of pharmaceuticals, including 

antibiotics, into the environment in an industrial city in South Korea. Among the antibiotics screened, 

standard water treatments achieved antibiotic removal between only 10 and 70%. Sulfamethazine was 

found to have a removal efficiency below 30%, suggesting that the majority still entered further 

waterways. Conversely, caffeine, a common contaminant, and a standard indicator molecule, showed a 

99% removal efficiency under the same conditions. This exemplifies how using caffeine as an 

anthropogenic marker [20] may therefore yield false confidence in current purification processes. 

 

 

 

Figure 1.1. Routes of entry of antibiotics into the environment. Green arrows displaying antibiotic removal 

from the environment, red arrows showing the entry routes of antibiotics, and orange arrows explaining 

that extraction methods are not fully efficient at antibiotic removal. (Selected for front cover of PSSa 

journal- March 2021Volume 218. Issue 13) [1] 
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 Effluents from modern-day infrastructure are not the only route of antibiotics into the water systems. 

Alternative entry routes include livestock feed and excrement. Watanabe et al. [21], led a study into the 

waste outputs of two dairy farms in the USA. It was found that monensin, a polyether antibiotic commonly 

found in animal feeds, leached into ground water assumedly due to relatively high monensin 

concentrations found in manure. Tasho et al. [22], highlighted that veterinary antibiotic use in livestock 

and the resulting antibiotic residue in livestock manure can be as high as 216 mg L-1 . Given that over 24 

million hectares of farming worldwide is conducted organically [23] , which equates to a significant 

amount of natural fertiliser (which has residual levels of antibiotics in from the animal it as sourced from) 

use, the critical role of agricultural practices in the leaching of antibiotics into the environment is 

highlighted. Watkinson et al. [24], traced the journey of drinking water all the way back to hospital effluent, 

evaluating the concentration of 28 antibiotics at different stages in Southeast Queensland, Australia. Some 

antibiotics were detected at concentrations of up to 64.0 μg L-1 in Wastewater Treatment Plant (WWTP) 

influent, compared with the maximum concentration in the effluent being 3.4 μg L-1. Given that 1 μg L-1 

of certain antibiotics was proven to have significantly negative effects on aquatic life [25], it is clear that 

concentrations of this magnitude are detrimental to the ecology and environment. It was shown that rivers 

having no effluents from WWTPs in their watershed have a significantly lower residual antibiotic 

concentration, demonstrating the broader impact of hospital pharmaceutical waste. A study based in Ter 

River, Spain, by Rodriguez-Mozaz et al. [26], incorporated a wider range of antibiotics, showing that 

fluoroquinolones had the highest residual concentration in hospital effluents up to 14.4 mg L-1, which is 

most likely due to their enhanced stability compared with other common antibiotics. Both studies show 

significant presence of antibiotics in water systems from developed counties, portraying that even 

countries with modern wastewater treatment infrastructure are being impacted by antibiotic presence in 

water systems. The European Water Framework Directive is a legislative department set up in 2000, to 

ensure water safety. Carsten von der Ohe et al. [27], aimed to improve the existing European Water 

Framework Directive by classifying chemicals of critical importance in terms of their potential to cause 

harm. With more in-depth understanding of the harm AMR is causing, improvements to the legislation 
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can lead to more appropriate restrictions on antibiotic presence in the environment. Despite this, Carvalho 

et al. [28], subsequently noted the lack of relevant regulations regarding the same issue in the European 

environmental water quality standards. It is therefore of critical concern that carriers of antibiotics, such as 

meat or milk, and common water micropollutants are regulated; however, unlike in meat (including fish) 

and milk, there remains limited scrutiny of antibiotics in water systems. A system to accurately measure 

and follow antibiotics from a variety of media, specifically and critically including aqueous media, must 

be legislated. The current lack of antibiotic regulation and therefore a need for detection within Europe’s 

waterways could have dire consequences and certainly contribute to exacerbating AMR in the future. 

Hence, there is a need to identify and more closely monitor waste streams that may contain antibiotics and 

ultimately enforce new regulations for their processing and removal. However, these testing and analyses 

methods must be cost effective and financially viable if they are to be broadly implemented. 

 

1.2.2 Limitations of Current Antibiotic Detection Platforms in Different Media  

When considering a majority of sensor platforms, a recognition element is required. Naturally existing 

recognitions elements exist in the form of antibodies which have been used extensively throughout sensor 

development to date [29], [30]. They work on the basis of a “lock and key” approach where an antibody 

has a unique active/recognition site that is the complimentary shape of that to the recognition site on a 

target [31]. 

Although a vast range of sensors exploit antibodies, other recognition elements exist as do other means of 

detection.  Extensive efforts are required for the research and development of novel detection systems for 

different families of antibiotics and to be able to do so in different media. Common detection techniques 

for sensing antibiotics in samples such as muscle and blood serum include biosensors and ELISA [32] 

however the “gold standard” detection for antibiotics in water is through liquid chromatography-mass 

spectroscopy (LC-MS). For example, HPLC-MS has been used for detection of antibiotics used in bee 

keeping in which a vast array of targets could be detected with Limit of Detections (LoD) as low as 0.2 ng 

g-1 [33]. While highly reliable and powerful, analysis techniques such as LC-MS bring inherent drawbacks 
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such as the need for elaborate and expensive instrumentation, skilled personnel to carry out and analysis 

the technique [34]. With other draw backs such as complex sample preparation techniques required, there 

is a clear need for development of a significantly simpler, onsite sensor platform. Fast onsite detection 

platforms are currently in existence however they bring with them their own drawbacks. A paper analytical 

device or PAD, has been developed to detect differences in quality of antibiotics present in water which 

allow for the detection of a broad range of antibiotics [35]. However, they are purely qualitative, have a 

short shelf life and have a specific temperature range in which the sensor can be used, critically affecting 

its level of usefulness. Another PAD has been developed which has quantitative capabilities with low-cost 

production and mass producible traits [36]. This system was developed for the detection of oxytetracycline 

and employed the use of cellulose paper coupled with various metal ions such as iron and copper. The 

primary drawback of a test such as this is this, is its need for a stable pH which when testing in different 

aqueous environments will be inevitably differing. Although onsite platforms exist, such as the 

aforementioned examples, a quantitative platform that is mass producible, requires simplistic operation 

and can be used in various environments is in need. In a study, Khaskheli et al. [37], displayed a procedure 

for the screening of β-lactam antibiotics in milk using a qualitative field disc assay. Despite encouraging 

results, the biggest drawbacks of the systems were 1) the 24 hr turnaround time and 2) the extensive sample 

preparation required. The first issue was originally addressed by Knecht et al. [38], with the use of an 

automated microarray for simultaneous detection of ten antibiotics in milk; however, this system required 

costly infrastructure and apparatus. Wang et al. [39], expanded the scope to meat and aquatic products; 

after these were minced and extracted, ultraperformance liquid chromatography was used to study residual 

levels in the range of 0.05 ng g-1 in meat and 0.2–5.0 ng mL-1 in milk. A more detailed review of antibiotics 

detection was released by Pikkemaat [40]. From this work, and the studies provided beforehand, it emerges 

that the most common analysis technique in the first decade of the 2000s involved microbial screening 

assays: whilst these are cost effective, they are time-consuming and do not offer quantitative results. 

Baquero et al. [41], gave an oversight as to the main ways in which antibiotics are detected in water 

samples. Depending on the analyte of interest, common detection systems include electrophoretic and 
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chromatographic techniques as well as voltammetry and amperometry detection systems. This study 

shows that several antibiotics can be accurately monitored in a wide range of media and by different 

detection methods. However, all these techniques required lab environment, time-consuming procedures, 

and skilled personnel. Smith et al. [42], used a commercially available test kit that was modified to enable 

detection of antibiotics in water systems, trying to optimise the detection. The study provided a qualitative 

test for antibiotics but lacked the critical quantification. While these in-field testing kits are of promise due 

to the rapid and on-site detection of antibiotics that will yield more accurate information and simplicity of 

operation even for nontrained users, further development is still required to increase their commercial 

usability. Colorimetric bacterial inhibition approaches and lateral flow immunoassays are common for on-

site detection of antibiotics. However, colorimetric bacterial inhibition tests require large sample volumes 

and are limited by poor sensitivity and complex user protocols, whereas lateral flow immunoassays require 

user intervention for quantifying results [43]. Through this review on literature, a sensor that is quantitative, 

mass producible, simplistic to operate and can be used in various environments sensor will be considered 

through the use of MIPs which present a viable alternative whilst overcoming drawbacks of current 

sensors.  

 

1.2.3 Potential of Using MIPs for Antibiotic Detection and Extraction 

 MIPs are custom-built, synthetic recognition sites, designed for a specific target molecule [44]. These 

synthetic receptors can be used in place of antibody-antigen, enzyme-substrate, or ligand-receptor 

interactions. MIPs indeed can be fabricated to have similar, if not better, affinity and selectivity than their 

naturally occurring counterparts [45] and crucially when no naturally occurring antibodies exist. The 

synthesis of MIPs can be accomplished in non-specialist laboratories, with nondedicated equipment, and 

is often seen as a relatively simple process, whilst also producible by conventional free radical 

polymerisation. However, its simplicity might be misleading and can mask the fact that it involves multiple 

and often interdependent variables. The ways in which these affect and change the properties of the 

resulting polymers are, in fact, quite complex and require a good understanding of molecular recognition 
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theory, thermodynamics, and polymer chemistry [46]. The concept of MIPs and their potential usefulness 

in multiple fields of scientific research have been gaining significant interest since the early 1990s when 

non-covalent imprinting was introduced [47]–[49]. Despite the obvious benefits of MIPs over naturally 

occurring recognition biomolecules, particularly their increased stability and specificity, as well as their 

low cost, ease of production, and ability to target molecules for which natural receptors do not exist,[50], 

[51] they are yet to garner widespread and commercial success. MIPs were initially found to be highly 

suitable for application in chromatography [52]–[54], especially liquid chromatography [55], [56]. Curti 

et al. [57], developed the first truly functional silica derived-imprinted polymer systems, which 

subsequently became a common commercial application for MIPs in the chromatography field. 

Significant advances in imprinting techniques and new synthetic methodologies, along with their excellent 

recognition specificity and structural predictability, make them a valuable alternative in the recognition 

systems landscape. This in turn has opened their potential use to a wide variety of applications including 

that of antibiotic sensing [58], [59].  

 After the development of a noncovalent fabrication method by Mosbach Arshady and co-workers [60], 

and modifications thereof, the use of these synthetic ligands has continued to grow. This is evident by the 

exponential increase in research papers over the past 20 years. To date the use of MIPs has mostly been 

limited to academic research. Although MIPs have found their way into several commercial markets 

(Table 1.1), with further exploration, they could be implemented even further. Whitcombe and co-workers 

[61] stated that MIPs could seize 1–3% of the separation techniques market, worth $1.19 billion, based 

predominantly in the chromatography column sector alone. MIPs can be easily synthesised by bulk 

polymerisation, ground, mechanically sieved, and packed in a column [62]. This method, though crude, is 

simplistic and versatile. More specifically, monolithic MIP columns have been later prepared directly 

inside stainless steel columns or capillary columns to solve the problems of non-homogeneousness of the 

binding sites and particle size [63], [64]. High performance liquid chromatography (HPLC) has often seen 

the use of MIPs as a stationary phase in the racemic resolutions of several species [65] including amino 

acid derivatives [66], [67] and drugs [68], [69], though often excessive tailing and peak broadening are the 
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limiting factors for their use and commercialisation for this purpose [70]. Another important area of 

analytical chemistry, where imprinted polymers have established themselves, is solid-phase extraction 

(SPE) [70]–[75]. Sigma-Aldrich and Biotage sell MIPs for the highly selective extraction of trace analytes 

from complex matrices [76]–[78]. Use in commercialisation of MIPs has been limited as their integration 

into the sensor platforms is not straightforward. In earlier development stages, MIP microparticles 

prepared by free-radical polymerisation were lacking in affinity and the grafting-on and in situ synthesis 

techniques were not as refined as they are now [79]–[82].  

 

Table 1.1. Summary of commercial MIP based sensors that have been developed. 

 

MIP Company Description 

MIPs cartridges for 

extraction [83] 

Acros 

(SupelMIP) 

Solid phase extraction of 14 

aminoglycosides (environmental 

contaminants) in foodstuffs e.g. meat, milk 

and fish 

Epitope imprinted MIPs 

[84] 

Aspira 

Biosystems 

Specific and selective uptake of 

microorganisms 

MIPs as model drug targets 

[85] 

Semorex Inc. 

Incorporation into drug discovery, being 

used to test drug leads by acting as a 

synthetic drug target 

Biotage AFFINILUTETM 

MIP Columns 

Biotage, MIP 

Tech AB ® 

Incorporation of MIPs into Biotage 

columns to afford significant sample clean 

up 

High affinity nanoparticles MIP Diagnostics 

High affinity nanoparticles (nanoMIPs) are 

produced for extraction and sensing 

 



30 

A typical MIP synthesis protocol contains a template, one or more functional monomers, a crosslinker 

monomer, a polymerisation initiator, and a solvent [86]. Figure 1.2 shows a simplistic schematic of the 

molecular imprinting principle. However, the challenge of designing and synthesising an MIP involves 

the selection of each of these variables: 1) monomer(s), 2) crosslinker(s), 3) solvent(s), and 4) initiator and 

the selection of initiation method along with the duration of the polymerisation.  

Determination of the appropriate monomer(s) and the optimal stoichiometric ratios of each of the 

components often requires extensive empirical studies and testing to maximise target recognition [87]. The 

most common method of fabrication is known as self-assembly or noncovalent imprinting, often chosen 

for its ease and flexibility. It requires only a small number of synthesis steps, is compatible with a vast 

majority of target molecules, and template removal is facile post fabrication. The template and the 

monomers interact through noncovalent interactions and polymerisation takes place with the system 

(interaction between functional monomer and template) at an equilibrium, although it depends on the 

choice of reagents and the conditions (temperature, solvent) applied. Interactions at interplay involve 

hydrogen bonding, ionic interactions, Van der Waals forces, and π–π interactions.  

 

 

Figure 1.2. The several steps of molecular imprinting with a) precomplex with the example template of 

penicillin G surrounded by crosslinker and generic acrylate functional monomers, b) polymerised MIP, 

and c) amoxicillin molecule extracted, leaving an empty cavity to be used for rebinding 

 

MIPs are often synthesised (and optimised) in organic solvents, whereas it has been established that 

binding characteristics are highly dependent on the solvent. In particular, binding in water is complicated 

as target molecules can bind in a specific manner to the MIP matrix due to hydrophobic effects [88]. 
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Another drawback is that generally an excess of functional monomers has to be added to increase the 

chance of binding, which leads to various configurations and heterogeneous binding site distributions [89]. 

The non-homogeneity of the binding sites in MIPs resulting from noncovalent imprinting is comparable 

with that of polyclonal antibodies [90]. This is useful when a family of related compounds needs to be 

screened, such as a class of antibiotics. Especially when not a very precise measure is required, MIP-based 

sensors have a sizeable advantage over a biosensor that would have to include different antibodies for each 

analyte. However, though these types of MIPs can work well within a laboratory research setting, their 

sensitivity, accuracy, and limits of detection are not suitable for commercial devices. A solution to the issue 

earlier is represented by the covalent method: the functional monomers form a covalent bond with the 

template, which will be cleaved after the polymerisation process, allowing for the template to be recovered. 

Covalent fabrication methods yield a homogeneous population of binding sites and minimize nonspecific 

sites, with selectivity comparable with monoclonal antibodies [45], [91], [92]. Often, the aforementioned 

reversible bonding uses boronate esters, ketals/acetals, and Schiff bases. Readily reversible condensation 

reactions are typically chosen to cleave the covalent bond responsible for the interaction, for its extraction 

to be successful. However, this type of polymerisation introduces an additional step in the fabrication 

process. Moreover, the covalent strategy poses a major challenge as the covalent bond leads to slow 

dissociation [61], which limits its practical application, particularly in the area of sensing. Dummy 

templates, which are very similar to the target molecule, in size and shape but, importantly, are not the 

exact target, are a useful workaround for this issue. Certain hybrid approaches have emerged, one of which 

is known as semi-covalent imprinting [93]. Semi-covalent imprinting exploits covalent interactions to 

form the pre-polymerisation complex between functional monomers and template; however, rebinding to 

the MIP produced will be solely due to noncovalent interactions that, by nature, will occur with faster 

kinetics. Another similar imprinting technique is hierarchical imprinting, which uses scaffold molecules, 

which eventually are eliminated, to produce pores that act as microreactors. This approach is hence termed 

“sacrificial spacer” method and was first introduced by Klein et al. [51], but it has since been used in 

multiple areas of research. This work demonstrates the preparation of MIP shells, an example of the 
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sacrificial support approach, with fast absorption kinetics (≈10 min) for detection of the antibiotic 

enrofloxacin (ENR), as shown in Figure 1.3, in fish samples, with limits of detection well below the legal 

maximum residual level. The K2Ti4O9 matrix was chosen because of its nontoxicity, low cost, and easy 

removal. Silica is indeed another popular choice as sacrificial support as the polymers can be embedded 

into the pores of the particles.  

 

 

Figure 1.3. Preparation of hollow MIPs using covalent and noncovalent imprinting for an amino acid 

sequence, demonstrating the “sacrificial spacer” method using K2Ti4O9 as a spacer molecule. Adapted 

with permission [51]. 

 

The group of Moreno-Bondi developed MIPs that were able to recognise six cephalosporins below the 

maximum residual levels set for these antibiotics in raw milk [94]. Silica etching is a more time-consuming 

process and also involves hazardous chemicals, as the particles were treated with an ammonium hydrogen 

difluoride mixture for 24 h. A similar approach, where silica beads were functionalised with MIPs 

according to a procedure introduced by Yilmaz et al. [95], was used to synthesise selective recognition 

elements for structurally related penicillins. This antibiotic pharmacophore, 6-aminopenicillanic acid, acts 

as a dummy template enabled to detect the entire class of target analytes from milk with high recovery 

rates. Methacrylic acid (MAA) was already used by Mosbach et al. [96], and remains to this date the most 

commonly utilised, given its ability to serve as H-bond donor and acceptor. Lately, several approaches 
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have been attempted where combinations of functional monomers have been used to enhance binding 

affinity [86], [97]–[101]. The approach of using a “dummy” template when discussed earlier is 

advantageous as it would not involve working with target molecules that are expensive, dangerous, 

unstable, or toxic [102], [103], while also allowing to detect classes of compounds which can be of 

particular interest in the case of antibiotics. Many successful cases of epitope imprinting have already been 

reported [104], [105], as well as computational simulations that use molecular modelling [106], [107] to 

select the epitope that yields the highest specificity [108]. The recent COVID-19 outbreak has triggered 

the interest in the epitope approach, considering one could imprint with antigens of the virus or particles 

with similar size and shape as the virus. The known difficulties in extracting the template led to a problem 

known as template leaching, which might interfere with the analysis of a given target. While the extraction 

of residual template molecule is more exhaustive after every use, it might be possible to avoid it with the 

use of a dummy template [109]. However, this can lead to less-selective binding cavities as a major 

drawback. A common drawback of MIPs is the difference in sensing performance between lab testing, 

when samples are spiked with the target analyte, and field testing, when a complex matrix is used. Often, 

even when state–of-the-art biosensors are utilised, the sample is pre-treated and concentrated to avoid the 

interference of matrix components. Interestingly, often the separation and removal of unwanted, 

interfering analytes from a solution is achieved via the use of MIPs in chromatographic methods. 

Therefore, by using a variety of MIPs in a separation procedure for example solid phase extraction, prior 

to MIPs sensing of the analyte, may resolve the aforementioned problem. Even with the drawbacks 

mentioned earlier, noncovalent imprinting, given the reduced number of steps and the ease of template 

extraction, is often the most widely used method of MIPs fabrication during the development of new 

sensors. Although sometimes less specific than other MIP methods, specificity of the binding sites can be 

increased via a low-temperature, light-induced polymerisation process. The synthetic methodology, in 

contrast, can be chosen depending on the destination of use of the polymer; whereas monolith synthesis 

and consecutive grinding offers a very simplistic approach, and its use is destined to be abandoned in 

favour of those able to yield more homogeneous binding sites and a better yield. In the future, methods 
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that will also ease scalability such as MIP beads, membranes, in situ-prepared monoliths, surface 

imprinting, and molecularly imprinted monolayers will likely be preferred, as they ease the rebinding 

kinetics and offer further improvement in the homogeneity of the binding sites.  

 

1.3. Rational Design of MIPs for Antibiotics  

 

1.3.1 Computational Modelling  

As mentioned previously, determining the optimal functional monomer, crosslinker monomer, ratios of 

monomer and crosslinker to target, and solvent for the chosen template is one of the most important 

considerations when approaching MIP design and often the most time- and resource-consuming task. 

While this might be a big hindrance in terms of experimental work, such a task lends itself to the use of 

rational design through computational modelling, offering substantial advantages in both time and cost to 

the experimental counterpart [110]. The majority of computational modelling in relation to MIP design is 

centred around the pre-polymerisation complex. The nature of these interactions is a key step in obtaining 

high-affinity binding sites. With the use of varying computational techniques, these interactions can be 

investigated and optimised [111]. While the adoption of simple computational methods toward MIP 

design was first seen toward the end of the 1990s [112], their application toward direct rational design was 

not fully acknowledged until work by Piletsky et al. [113], This work utilised monomer screening, similar 

to experimental combinatorial screening, to predict the optimal monomer composition. This work, besides 

many others, considers thermodynamic interactions between template and functional monomer. When the 

computational program shows increased stability of these interactions, the quality of the template-specific 

cavity being produced experimentally is usually improved [114]. These energetics-based template-

monomer studies are characterised by the determination of binding scores (Equation 1.1), which when 

compared can identify stronger interactions.  

 

∆𝑯𝒃 = ∆𝑯𝒇𝑭𝒊𝒏𝒂𝒍 𝒄𝒐𝒎𝒑𝒍𝒆𝒙 − (∆𝑯𝒇𝑴𝒐𝒏𝒐𝒎𝒆𝒓 + ∆𝑯𝒇𝑻𝒆𝒎𝒑𝒍𝒂𝒕𝒆)  [Equation 1.1] 
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The energy difference between an independent template and a monomer compared with the final complex, 

template, and monomer bound by a new bond indicates the strength of this newly formed bond. There has 

been a considerable decrease in cost and increase in computing power available over the past 20 years. 

Not only has this increased the number of papers including rational MIP design, but it has also led to the 

development of more advanced techniques. A search of the available literature (Web of Science) shows a 

sharp increase in the number of papers since 2000 (Figure 1.4).  

 

 

Figure 1.4. Representation of the increased research in the field via the number of publications including 

computational methods in MIP design between 2000 and 2019. The data obtained through Web of Science 

using the keywords “Molecularly Imprinted Polymer,” “MIP,” and “Computational.” 
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Quantum mechanical (QM) techniques, namely, semiempirical methods such as density functional theory 

(DFT), have become more widespread. QM-based methods offer a more advanced approach to predicting 

molecular energies. Such energies are calculated through the use of electronic structure-based techniques, 

allowing for determinations of interaction energies as well as structural predictions. For MIP design, QM 

methods are mainly used in monomer screening approaches and offer a more accurate method for 

determining energies for use in Equation (1.1). While many studies consider only template-monomer 

interactions, many others have investigated this further with more in-depth structural analysis, considering 

not only changes in ratios but also interactions of both crosslinker monomers and solvent. Again, QM 

methods have been used in this area, considering interactions of the crosslinker monomer with the 

template; however, such techniques are still computationally expensive and limited to only a few 

molecules. Molecular mechanics (MM) and molecular dynamics (MD) are commonly implemented 

when a more dynamic system is wanting to be defined, with both solvent and larger systems able to be 

represented. MD techniques allow these interactions to be investigated over time, analysing the motion of 

individual molecules. MM focuses on the observed properties of these molecules, with bond lengths, 

angles, and dihedrals along with nonbonding interactions considered. Most commonly, these two methods 

are used in combination. Specifically, in relation to computational rational design for antibiotics, there have 

been several papers offering many different techniques outlined previously. A relatively recent paper by 

Kong et al. [115], investigated norfloxacin-imprinted polymers using an MD--based approach. They 

considered changes in the ratio of functional monomer (MAA) and crosslinker (EGDM) while keeping 

the solvent (acetonitrile) constant. Computational analysis was completed using radial distribution 

functions (RDF), which allow for two specific atom pairs to be analysed as a system interacts throughout 

a simulation. A ratio of 1:8:40 (template: monomer: crosslinker) produced the best pre-polymerisation 

interactions, namely, the carbonyl to alcohol of norfloxacin to MAA. The experimental rebinding studies 

also supported the chosen polymer composition ratio, with the computationally predicted composition 

offering greater rebinding and specificity than the other MIPs analysed. The majority of papers on the 

subject, however, use the quantum mechanics-based approach, specifically for monomer selection. This 
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is mainly due to the accuracy of the energies predicted, but also the relative speed and ease when 

determining template-functional monomer bonds in vacuum. Semiempirical methods, mostly DFT, are 

used to determine the energies required for Equation 1.1. Such work has been completed for detection of 

the antibiotics norfloxacin [116], ciprofloxacin [116], [117], ENR [118], and tetracycline [119]. The 

studies found that the energies derived computationally were consistent with the experimental data 

produced and that the binding scores generated correlated with the experimental rebinding. The nature of 

antibiotics, with their relatively small size and presence of multiple, accessible functional groups, makes 

them a good candidate for computational modelling. Previous work in the area has shown good support 

for this, with complimentary computational and experimental data. The rational design of MIPs through 

computational methods is still a growing area of research, with varying approaches and more advanced 

techniques being developed since its establishment in the early 2000s. Such methods were applied 

depending on the research, whether that were simple functional monomer predictions using QM or more 

in-depth structural analysis utilising MD. Already, with many papers showing the ability for strong 

predictions, the application of such aided design looks set to become commonplace in future MIP 

production.  

 

1.3.2 NMR Techniques Aiding MIP Production  

NMR is an essential technique for structural determination of a wide range of molecules. The plethora of 

techniques associated with proton and carbon NMR, which allows investigating spatial and electronic 

interactions between different nuclei, can offer very detailed structural information even in the case of 

complex molecules. MIPs are composed of crosslinked and macroscopic chains, which complicate the 

characterisation due to their intractable and insoluble nature. A pioneering NMR study on MIPs was 

reported by Sellergren, Lepisto, and Mosbach [120]. A 1H-NMR study combined with results obtained by 

chromatography, which involved titration of the imprint molecule (phenylalanine anilide) with carboxylic 

acid, found that the results were consistent with the existence of multimolecular complexes by means of 

electrostatic and hydrogen-bonding interactions [120]. NMR has been mostly used to determine the extent 
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of the template to functional monomer association equilibrium in the pre-polymerisation stage; the shift of 

the relative signals, compared with those of the template and monomer alone, can determine the extent of 

the interaction. Wang et al. used NMR to identify the best template-to-functional monomer ratio [121], a 

procedure that is often very time-consuming, for the preparation of MIPs for the extraction of a valuable 

compound. The signals of the protons involved in hydrogen bonding and that of the adjacent carbon were 

used to gauge the strength. A study by Mattos dos Santos et al. reported on the synthesis of MIPs targeting 

tegafur (an anticancer 5-fluorouracil prodrug) and used 1H-NMR titration to study solution association 

between tegafur and 2,6-bis(acrylamido)pyridine (BAAPy) [122]. This confirmed the formation of a 1:1 

complex of template and functional monomer, in MIPs being prepared using stoichiometric imprinting. 

Interestingly, an affinity constant of 574±15 M-1 in CDCl3 was calculated using a previous work by 

Fielding, who reviewed the topic with a section dedicated to diffusion experiments [123]. Hydrophobic 

effects and their contribution to the selectivity of the resulting MIP were investigated with NMR 

spectroscopy by O’Mahony et al. to identify the interactions occurring in the pre-polymerisation mixture 

[124]. Sánchez-González et al. used 1H-NMR and, importantly as it represents a novelty, nuclear 

overhauser effect (NOE) to study the pre-polymerisation interaction between the cocaine template and the 

functional monomers MAA and ethylene dimethacrylate; in particular, 1D selective NOE experiments 

were conducted to assess MAA-cocaine and EDMA-cocaine hydrogen-bonding interactions, which were 

contextually confirmed by in silico studies [125]. Commonly, the most time-consuming step is the quest 

to identify the most appropriate functional monomer(s). Konishi and coworkers addressed this using 1H-

NMR to evaluate the influence of several monomers on the potentiometric performance of histamine-

imprinted polymer-modified sensors [126]. Not only was 1H-NMR able to assess the interaction between 

histidine and acrylamide (AA) and atropic acid (AT) and MAA, but it was even possible to see the 

influence of its imidazole ring on the pyridine ring of 4-vinylpyridine (4-VP). The nature of MIPs makes 

their characterisation usually harder, but solid-state NMR has been shown to evaluate the degree of the 

binding of the template when the interactions are strong. Andersson et al. used this technique to optimise 

the template-functional monomer proportion [127]. Simple 13C-NMR alone had not been used for the 
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evaluation of the template-functional monomer interaction, until Zhang et al. [128], reported a study where 

it was utilised to evaluate the interactions between antibiotic erythromycin (ERY) and a set of functional 

monomers, with the choice of MAA as the optimal one. The rational binding sites were predicted based 

on chemical shifts changes in ERY structure. DFT theoretical calculations of Lewis basicity of the O/N 

atoms located at the sites proposed by a sequence regarding their interaction force confirmed its reliability. 

Solid-state NMR was used by Annamma et al., to design a 2,4-dichlorophenoxyacetic (2,4-D) acid-

imprinted polymer with 4-vinylpyridine (4-VP) as the functional monomer [129], intriguingly showing 

the effect of increasing concentrations of 4-VP on the equilibrium; see Figure 1.5.  
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Figure 1.5. H NMR spectra of 2,4-D with increasing concentration of 4-VP showing changes in the 

chemical shifts used to rationalise a low crosslinked system that allows for higher levels of specificity and 

selectivity. Reproduced with permission [129]. 

 

1.3.3 Isothermal Titration Calorimetry (ITC)  
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Isothermal titration calorimetry (ITC) is a microcalorimetry technique that measures the heat released or 

absorbed during a chemical reaction, generally used to determine binding affinity, enthalpy changes, and 

stoichiometry of interactions between molecules in solutions [130]. The advantage of this technique is that 

no immobilization or modification of the starting reagents is required. In addition, ITC has the ability to 

detect changes in the low mK range that corresponded to noncovalent interactions such as hydrogen bonds 

[131]. However, ITC is not widely available in laboratories and requires expensive instrumentation, which 

limits the application in the field of MIPs [132]. To the best of knowledge, there have been no reports 

about the use of ITC for the characterisation or rational design for MIPs produced for antibiotics. There 

are few reports in literature about using ITC to determine binding affinity of MIPs for small molecules 

[133], [134] and predicting the optimum ratio of target-to-functional monomer [135], [136]. Due to ITC 

providing thermodynamic data, it gives fundamental insight into the binding mechanism of MIPs that has 

been proven strongly dependent on pH [137], [138], showing that pH can be a considerable variable in 

achieving optimum MIP function. Considering ITC is routinely used in biomedical research including 

enzyme kinetics, it might play a crucial role in optimising MIPs for antibiotic detection and understanding 

the influence of external parameters (T, pH, etc.) on binding to polymers.  

 

1.3.4 Infrared Spectroscopy  

Infrared (IR) spectroscopy is ubiquitously used in laboratories as it is versatile, offers fast and 

straightforward analysis, and is inexpensive. The main disadvantage of IR is that it is difficult to analyse 

complex mixtures or aqueous solutions, as the corresponding spectra provides only limited information 

about individual peaks of chemicals of interest. Therefore, IR is not routinely used to study interactions in 

the pre-polymerisation complex prior to MIP formation as the stretching frequency of hydrogen bond 

donors or acceptors is generally in the same range as that of the solvent peaks [139]. However, IR 

measurements can also be collected from solid particles and this method of IR can provide useful 

information about the resulting solid MIP on the expected performance of the material as the peak intensity 

of the carbonyl group provides quantitative information about the amount of polymer present on the 
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surface [139]. Thin films of poly(N-isopropylacrylamide) revealed systematic changes in IR peaks 

associated with the amide bond, that could serve to bind molecules via hydrogen bonding. In addition, the 

study also demonstrated that the molecular architecture can significantly vary depending on what solvent 

was used to cast the film [140]. IR measurements are fast and straightforward and therefore have scope 

for this technique to be used for high-throughput screening of performance of solid polymeric materials. 

MIP materials are often heavily crosslinked and have limited solubility, which can complicate 

characterisation. IR is often used on solid materials to establish the presence of the polymer on surfaces 

and determine whether the template has been fully removed from the MIP cavities. Chen et al., reported 

on the separation of tetracycline antibiotics from egg and tissue samples using magnetic MIPs as the solid 

phase [139].  Peaks from the carbonyl and hydroxyl group of the polymer were present in the recorded IR 

spectra, which confirmed presence of the polymer on the magnetic particles. Wei et al. developed dual-

imprinted MIPs for the rapid determination of amphenicol antibiotics in water, serum, and food samples. 

The presence of the polymer was verified with IR measurements. Furthermore, IR spectra of the reference 

non-molecularly imprinted polymer (NIP) and its corresponding MIP were compared and significant 

frequency shifts in the peak corresponding to methacrylic acid were observed [141]. It was hypothesized 

that the observed shift in this peak was due to hydrogen bond interactions between functional monomer 

and target. A similar approach was followed by the group from Mizaikoff and coworkers [142] that 

developed gravimetric sensors for detection of the antimalarial drug artemether. Upon inspecting the IR 

spectra of the polymers, a spectral shift of the peaks corresponding to the carboxyl groups of methacrylic 

acid to the shorter wavelength was reported. Besides these peaks, there was also a distinct intensity change 

at a wavelength of 3000 cm-1 that was attributed to additional interactions of functional monomers with 

the template. Over recent years, there has been a move toward the use of the aforementioned “dummy” 

templates in Section 1.3, which avoid the use of high-cost or toxic target molecules. Zhang et al., used a 

simple sugar, raffinose, as a dummy template to develop MIPs for antiglycoside antibiotic detection [143]. 

This molecule resembles the size and shape of the antibiotic of interest and is able to selectively extract six 

antibiotics from the family of antiglycoside antibiotics from environmental samples. In research by Liu et 
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al. [144], roxithromycin was used an example of a macrolide antibiotic to develop MIPs for the extraction 

of this entire family of macrolides. The interesting aspect of this work was that a simple wooden tip was 

used, that makes it extremely suitable for work in developing countries. IR was used to monitor extraction 

of the template from the MIP cavities. IR measurements are fast and straightforward and, as shown via the 

earlier example, can be applicable for high-throughput screening for the performance of MIPs.  

 

1.4 MIP Morphologies  

In the early years of imprinting, the most common approach involved free radical polymerisation, often 

achieved using azobisisobutyronitrile (AIBN). The reason this method is often used is due to its simplicity 

as it can either be initiated with UV light or increasing the temperature; unfortunately, given the fast chain 

propagation and the fact that the associated termination reactions are irreversible, it yields inhomogeneous 

cavities and a wide particle size distribution [145]. This results in MIPs with heterogeneous binding sites, 

with cavities directly on the surface and others that are partly inaccessible, which hinder mass transfer and 

limit selectivity. This problem has been addressed with the use of controlled polymerisation techniques 

including reversible addition fragmentation chain transfer (RAFT) polymerisation [146], [147], ring-

opening metathesis polymerisation [148], and atom transfer radical polymerisation (ATRP) [149], which 

led to particles uniform in size with homogeneous binding sites. In this section, I will review a couple of 

methodologies which improve upon sensor specificity.  

 

1.4.1 Use of Copolymers  

One way to improve upon the specificity and selectivity of MIPs is the inclusion of more than one 

functional monomer, resulting in what is referred to as a co-polymer [150], [151]. Chullasat et. al., [152] 

demonstrated an amoxicillin detection system using a copolymer along with quantum dots (QDs). The 

resulting system proved capable of detecting amoxicillin in complex media such as milk and honey with 

a LoD of 0.14 μg L-1, outcompeting the HPLC standards it was tested against. It was also shown that the 

use of copolymer MIPs can increase the accuracy of results against modern, industrial detection systems 
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but also decrease the time taken and reduce the need for expensive infrastructure. Tunc et al. [153], 

demonstrated optimising copolymer MIPs through synthesis and comparative testing. This provided 

insights into optimum monomer selection for the theophylline-imprinted monomers; however, planning 

monomer selection via rational design, e.g., computational modelling, would lend aid as to which 

monomers to evaluate. Valtchev et al. [154], tested a vast range of MIPs, including six co-functional 

monomer polymers. The study resulted in the synthesis of many significantly optimised MIPs for the 

detection of the antibiotic sulfamethoxazole in wastewater. Although this type of “trial by error” study is 

not time efficient, it does give certain, quantified values to the efficiencies of all the MIPs tested and shows 

the positive impact that using copolymers can have. Wang et al. [155], developed inorganic-organic co-

functional monomer-imprinted polymers for fluoroquinolones in milk and observed an LoD in the ng/mL 

range, which exceeds the standards required by the EU. As sample matrices as complex as milk have 

benefited from the use of copolymers, the eventual use of copolymers for detection in other sample 

matrices, especially simple matrices such as water, would have presumptive benefits.  

 

1.4.2 Integration of Fluorescent Moiety  

The phenomenon of fluorescent emission is a type of radioactive decay, during such examples where a 

molecule discards excitation energy in the form of a photon. Fluorescence, unlike phosphorescence, occurs 

rapidly, ceasing within nanoseconds to milliseconds of the extinguishment of the excitement radiation. An 

electron is excited from the ground state energy level to an excited triple state, through internal conversion 

(IC) and vibrational relaxation, the excited electron drops to an excited single state. Once the source of 

excited radiation stops, the electron drops back down to ground state energy.   Fluorescence is equivalent 

to the energy difference between the eigenstates and is always less than that of the exciting photons due to 

the energy lost via the IC and vibrational relaxation [156]. Fluorescence of a sample can be easily 

influenced in terms of the intensity increasing or the fluorescence being quenched. Fluorescence 

enhancement is primarily due to nonradiative deactivation of non-aggregated fluorophore molecules and 

hindrance of excitonic interactions by the dissociation of aggregates [157]. Fluorescent enhancement is 
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commonly observed when a process called aggregation induced emission (AIE) is in effect. [158]. AIE is 

a process by which electrons are increasingly excited through the interaction of fluorophores aggregating 

together, hence aggregation induced emission. AIE has been used actively as process to induce fluorescent 

intensity changes that can be monitored as an analysis technique in MIPs [159]–[161]. Enhancement can 

also be caused by processes such as Plasmon-enhanced fluorescence in which the excitation power that is 

absorbed by the fluorophore leads to an increase to the collective electron oscillations to the excited state 

which therefore produces an increase in the fluorescent emission [162]. Fluorescence quenching can occur 

through a plethora of different process. Photobleaching is the most common source of fluorescence 

quenching. Photostability of organic fluorophores is low relative to inorganic fluorophores. The loss of 

reoccurring cycles of electron excitement to produce a fluorescent signal is a form of photodegradation 

called photobleaching. Photobleaching can be caused by a number of different factors primarily to do with 

the environment of the fluorophore, for example the intensity of light it is exposed to and the length of time 

it is exposed to the light [163]. Interactions with a fluorophore and water can itself lead to quenching via 

the hydrogen bonds that form between the fluorophore and a water molecule. These hydrogen bonds entail 

a charge transfer from the fluorophore to the water molecules which causes less oscillations of electrons 

to the excited state in the dye molecule resulting in a quenching of fluorescence [164]. Fluorescence 

resonance energy transfer or FRET is another major pathway of fluorescence quenching. FRET describes 

the process of non-radioactively transfers energy from a fluorophore (donor) to an acceptor fluorophore. 

This can occur when the distance between the two molecules is less than 1Å- to 100Å and that the donor 

fluorescence spectrum overlaps sufficiently with the absorption spectrum of the acceptor molecule [165]. 

FRET is commonly exploited as process for fluorescence detection especially in the flied of MIPs [166]–

[168]. 

Fluorescence detection of antibiotics has been a crucial analytical tool for many years because of its 

versatility, simplicity, and accuracy [169]–[171]. It can be used across a range of different recognition 

elements, including MIPs. However, it often requires the introduction of a secondary molecule to either 

bind to the target [172] or serve as a competitor [173] for a measurable fluorescent response to be obtained. 
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Recent studies, therefore, have looked to develop MIPs, which are inherently fluorescent by introducing 

certain elements into the polymer itself [174], [175]. This reduces the number of preparation steps needed 

to analyse samples and allows for the polymer to be adapted to a variety of targets. There have been two 

primary focuses to achieve this functionality: QDs embedded within or surrounded by the polymer matrix 

or a fluorescent moiety copolymerised into the backbone [176], [177]. These integrated QDs and 

fluorophores typically rely on energy or electron transfer from the target molecule to achieve their 

fluorescence change (Figure 1.6). This transfer is strongest when the target rebinds into the imprinted sites 

as this is in closest proximity to the fluorescence element that can be achieved.  

 

 

Figure 1.6. Formation of an MIP layer on the surface of QDs for an antibiotic, sulfadiazine (SDZ). The 

polymer layer can then have the target extracted, breaking the electron transfer between SDZ and the QDs, 

which results in a decrease in the fluorescence signal. Reproduced with permission [177]. 

 

Fluorescence quenching is most commonly seen in both cases, although enhancement can be facilitated 

by tailoring the molecular system to achieve specific interactions upon rebinding [80]. Shi et al. utilised 

CdSe QDs to introduce fluorescence into a bulk MIP for kanamycin [178]. An increase in fluorescence 

was seen for both NIP and MIP upon addition of kanamycin, with a greater increase seen for the latter. 
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The fluorescence response was greatly influenced by composition, pH, temperature, and required 

optimisation. The system was able to detect kanamycin with a detection limit of 0.013 μg mL-1 and a linear 

range of 0.05–10 μg mL-1 in PBS. Furthermore, it was tested with real samples (including lake water and 

urine) and showed good recoverability of spiked concentrations of the drug. This methodology also 

utilised aptamers to increase binding affinity to the polymer layer and click chemistry to provide a more 

simplified chemical route for polymer attachment to the QDs compared with conventional methods. 

Zhang et al. integrated ZnS QDs into a mesoporous silica network containing an imprinted polymer for 

tetracycline [179]. Quenching of the fluorescence was seen upon addition of tetracycline to the MIPs only, 

which they propose is due to an electron transfer between the target and the QDs. The particles showed 

high selectivity for tetracycline compared with similarly structured compounds, and an LoD of 15.0 ng 

mL-1 was obtained. Similar quenching probes for antibiotics have been produced using graphene [180], 

ZnS [181], and CdTe QDs [178], yielding comparable LODs and selectivity. Integrated fluorophores offer 

a unique alternative to QDs, where the interactions between the fluorescent moiety and the target can be 

more specifically tailored [182], [183]. In addition, the use of heavy metal atoms can be avoided and 

integration into the polymer backbone significantly reduces leaching. However, these molecules often 

require a multistep synthesis and extensive optimisation of the polymer composition as quantifying the 

fluorescence change requires one-to-one interactions. Niu et al. introduced an anthracene-based monomer 

into MIP nanoparticles for the detection of tetracycline [184]. The fluorescence of the RAFT-polymerised 

nanoparticles would be quenched in the presence of the target, with the imprinted particles exhibiting a 

stronger change than the nonimprinted ones. The polymers were able to detect tetracycline at an LoD of 

0.26 μm and were able to perform in a more complex medium (bovine serum). UV vis analysis 

demonstrated that the underlying mechanism for quenching was based on electron transfer rather than 

energy transfer. Sunayama et al. used attached fluorophores to explore the binding activities of a 

cephalexin imprinted polymer [172]. The template was functionalised and crosslinked into the polymer 

network and then removed using two different chemical reactions. This method is unconventional 

compared with common imprinting techniques but allows for direct functionalisation of the imprinting 
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sites; in this case, two fluorophores were introduced via Schiff base and disulfide reactions. Ampicillin 

was used to monitor rebinding due to solvent constraints, and an increase in fluorescence intensity was 

observed with corresponding concentrations. An LoD of 5.0 μM was observed and the fluorescence 

change was highly specific due to the nature of the interaction, regarding to the presence of two differing 

fluorescent moieties. Ashley et al. were able to produce fluorescent doxycycline-imprinted microparticles 

using an acrylated fluorescein derivative [185]. The moiety was introduced into a thin polymer layer 

surrounding FeOx nanoparticles and exhibited quenching upon rebinding of the target. Although the 

interaction between fluorophore and target appears less specific, the polymer demonstrated strong 

selectivity toward doxycycline compared with similarly structured antibiotics based on fluorescence 

readings. Recently, work has explored the use of a fluorescein-based MIP as an optical detection platform 

for beta lactam antibiotics [186].  

 

1.4.3 Using Redox Probes to Monitor MIP/Target Binding Phenomena  

If the target analyte is not electrochemically active, a redox-active probe can suffice for the detection. A 

redox reaction involves the transfer of electrons, which is facilitated through the working of an auxiliary 

(counter) electrode, whereby if an oxidation process occurs at the working electrode, the corresponding 

reduction process will take place at the auxiliary electrode. In electrochemistry, redox probes can be used 

to follow interfacial changes in a system, such as adsorption, electrode modification, and binding 

phenomena. There is a vast array of redox probes and care must be taken when choosing one for use in 

characterisation of a system or for use as an indicator for sensing applications. All these systems are 

classified under two main categories, outer-sphere and inner-sphere redox probes, summarised by 

McCreery et al. (see Figure 1.7) [187]. Outer-sphere probes come close to the electrode surface, but do 

not directly contact it, to allow the electrons to tunnel/hop across the solvent monolayer, and as such are 

only influenced by the electronic structure of the electrode surface. Ruthenium hexamine (RuHex) is the 

best example of a near-ideal outer sphere redox probe; it does not exhibit any variation in electron transfer 
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rate for any changes other than the electronic structure of the electrode (density of states and the Fermi 

level).  

 

 

 

Figure 1.7. Flow diagram showing classification of outer- and inner-sphere probes. Reproduced with 

permission [187]. 

 

Alternatively, inner-sphere redox probes require contact with the electrode surface to facilitate the electron 

transfer; as such, they are affected by both the electronic structure of the electrode surface and the surface 

chemistry at play (i.e., surface functional groups and adsorption sites) [188]. When using MIPs as 

recognition elements, the desire is typically to record and track changes in binding phenomena between 

the imprinted polymers (typically on the surface of an electrode) and a target analyte (in solution that 

diffuses to the electrode surface and binds to the MIP). Most papers in literature combine MIPs and redox 

probes, where the use of an inner-sphere redox probe in solution is as an indirect detection method, where 
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the binding of the target to the polymer blocks the access of the redox probe to the electrode surface, 

producing a reduction in measured response. As such, the most common redox probe in this area of 

research, as an indirect detection method, is potassium ferri/ferrocyanide (K3/K4 [Fe(CN)6] 
3-/4-). This can 

be done utilising various electro(analytical) techniques such as cyclic voltammetry (CV) [189], 

electrochemical impedance spectroscopy (EIS) [190], and differential pulse voltammetry (DPV) [191]–

[193]. CV typically will not reach the same levels of detection as other electroanalytical techniques; 

however, the analytical response can be amplified by adding extra components to the system. Lian et al. 

[194], accomplished this for the detection of the antibiotic kanamycin through the addition of horseradish 

peroxidase and H2O2, where potassium ferricyanide acts as a mediator for the reaction. This reaction 

mechanism gives a large amplification in the measured current; therefore, when the electrode surface is 

blocked through the binding between kanamycin and MIP, there is large reduction in current as the 

reaction can no longer be mediated. These methodologies typically require two-step analysis, consisting 

of an incubation step in the analysis solution and a subsequent measurement step in the probe solution, 

which is not ideal for production, reproducibility, and analysis time.  

Instead of using a free in-solution redox probe, an alternative strategy is to incorporate the redox probe 

directly into the polymer matrix. In this process, known as redox tagging, a redox probe such as ferrocene 

is attached to a moiety capable of taking part in the polymerisation process. Mazzotta et al. [195], reported 

this for the detection of the antibiotic vancomycin through using two ferrocene-derived monomers, 

vinylferrocene and ferrocenylmethyl methacrylate, in conjunction with the solid-phase synthesis approach 

[196], for the development of nanoMIPs that produce homogeneous binding sites and pseudo monoclonal 

binding properties. The direct anchoring of the redox probe into the polymer allows for a reduction in 

analysis time and a more direct interaction between the probe and target, which does not rely on diffusion 

of the probe in solution. The main drawback of using ferrocene-derived redox probes covalently attached 

to the system is a natural reduction in the current signal when cycling for prolonged periods. As seen from 

the cyclic voltammograms in the manuscript from Mazzotta, over the course of 250 scans, there is a 
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significant reduction in the measured current; this needs to be taken into account when developing a sensor 

platform using this methodology and may require significant calibration steps to produce a reliable system.  

 

1.5 Different MIP Production Methods  

There are many different production methods for MIPs, depending on the desired function of the polymer. 

MIPs intended for use in chromatography are usually prepared by free-radical polymerisation, which 

results in the production of heterogeneous microparticles. Research into other MIPs has elevated their use, 

such as, their synthesis via solid-phase imprinting to generate homogeneous high-affinity nanoparticles, 

which have the added benefit of biocompatibility and superior thermal and chemical stability compared to 

their biological counterparts. MIPs can be stored in dry conditions and ambient temperatures for many 

years, without loss of recognition capability, whereas antibodies denature rapidly unless they are kept 

frozen. This provides advantages for manufactured MIPs sensing devices as they can have appropriate 

shelf life for use outside of lab settings. In addition, MIPs are able to withstand many adverse conditions 

(heat, cold, changes in pH, etc.), which allow them to be used for a variety of in-field, real-time sensing 

applications [193]. For the interest of this work, MIPs can easily be implemented into sensors for food and 

water analysis for antibiotics. One of the biggest stumbling blocks, however, for broad-scale commercial 

use of MIPs as sensors has been reproducible mass manufacture. The advent and recent development of 

nanoparticles, and especially coreshell and gel nanoparticles, whose solubility can finely be tuned, is 

promising for the next generation of sensors [197]. Recently, photolithography has been used to pattern 

MIPs for the wafer-scale production of biochips. This technique allows for the control of shape and size 

(1.5 μm) of the patterns and the deposition of different MIPs on the same chip [198]. Some of the 

advancements to mass manufacture will be discussed later.  

 

1.5.1 Screen-Printing Techniques  

Screen printing is a well-established methodology for the mass production of biosensors [199]. The most 

common commercial example is the glucose sensor, used in the treatment of diabetes, that utilises a screen-
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printed electrode (SPE) and is responsible for a billion-dollar market annually [200]. Screen printing offers 

the ability to mass produce disposable platforms that offer high reproducibility, flexibility, versatility, and 

high sensitivity at a low production cost. This technique involves the spreading of a thixotropic fluid, 

containing a mixture of predominantly graphite, solvents, and binder, through a predesigned mesh that 

will produce a printed pattern of a defined shape and size [201]. As such, as vast array of electrodes has 

been designed utilising this methodology to produce different shapes such as microbands [202], shallow 

recessed arrays, and [203] back-to-back sensors [204]–[206] and produce electrodes containing a wide 

range of constituents for various applications in biosensors [207]. MIPs can be incorporated into and used 

in conjunction with screen-printed platforms in a variety of ways, such as the direct formation of MIPs on 

the surface through processes like electropolymerisation [208], incorporation of MIPs into the screen-

printing ink [209]–[211], or depositing onto nanomaterials decorated on the surface [212]. Direct 

formation of MIPs onto the surface of an unmodified SPE was reported by Ayankojo et al. [193], who 

used computational modelling to choose m-phenylenediamine as their chosen monomer for the detection 

of erythromycin. In strategies such as this, where direct electrochemical detection is used, the thickness of 

the MIP layer is a crucial parameter. The manuscript discusses the signal was enhanced with a thinner 

MIP layer; however, a thinner layer reduced specificity due to having more non-specific interactions with 

the surface. Conversely, when the layer was too thick, there was a significant decrease in the 

electroanalytical signal due to the MIP layer being insulating. Therefore, when using MIP layers on SPEs, 

each system must be optimised for electrochemical detection. Electropolymerisation (discussed later) is 

the most obvious route for MIP formation on SPE surfaces; however, this methodology can struggle from 

a limited selection of suitable monomers and poor scalability. Jamieson et al. [213], reported a sensor for 

amoxicillin through the direct formation of MIPs onto the SPE surface through UV polymerisation. This 

offers better prospects in terms of mass production; however, more work has to be done to increase the 

synergy between the transducer, MIP, and detection methodology. The enhancement of electroanalytical 

output for SPE platforms is typically done through the incorporation of nanomaterials. These materials are 

either incorporated in the ink, on the surface of the electrode, or on top of the MIP and help to overcome 
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problems with poor conductivity and electroanalytical response. This can be seen in the work by Devkota 

et al. [214], who reported a sensor platform for the detection of tetracycline, in which the formation of the 

MIP was achieved using the conductive polymer pyrrole. Following MIP formation, the polypyrrole layer 

was overoxidized, a process that while stabilising also removes the conductivity associated with the 

polymer layer. Therefore, to increase the efficacy of the sensor, gold nanoparticles (AuNPs) were 

deposited on the surface of the MIPs. Although this helps to counteract the loss of conductivity, the 

multiple electrochemical modification steps do not lend the system ability for simple mass production, 

which is a great advantage when using SPEs. This can be further seen through the work of Moghadam et 

al. [215], using a combination of gold nano-urchins and graphene oxide for the detection of oxacillin. In 

this case, the nanomaterials were deposited onto the surface of the electrode prior to the MIP. Although 

the use of drop casting to modify electrodes is standard practice and scalable, using multiple drying 

conditions followed by electropolymerisation and template removal provides difficult productions steps. 

Instead of multiple electrochemical functionalisation steps, Dechrirat et al. [192], utilised inkjet printing of 

a nanocomposite layer, containing AuNPs and poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) 

(PEDOT:PSS), onto the surface of the SPE. This synergetic approach to the incorporation of 

nanomaterials onto the electrode allowed for the detection of nitrofurantoin at two orders of magnitude 

lower than the bare sensor platform. This sensor exhibited the advantages of using screen printing and 

MIPs in combination, producing a sensor platform that is both highly reproducible and stable over a long 

lifetime.  

 

1.5.2 Electrodeposition of MIP Layers on Transducer Surfaces  

Electrodeposition enables the immobilization or formation of MIPs directly onto an electrode surface 

using an electrochemical methodology [216]. The vast majority of MIPs that fall into this category is 

electrosynthesised MIPs (eMIPS). A more detailed overview of this subsection of MIPs, including their 

formation and application to the detection of biologically important molecules, including antibiotics, up to 

2019, can be found in a recent past review [208]. Briefly, the formation of eMIPs takes place through 
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electropolymerisation, where a polymer layer is formed upon an electrode/substrate in the presence of the 

desired template. This can be achieved through a variety of electrochemical techniques, such as 

voltammetry [217], potentiometry [218], and galvanostatic techniques [219]. It is vital when using this 

methodology to define the working material, counter and reference electrodes, monomer composition, 

solvent, supporting electrolyte, electropolymerisation methodology, and time as these variables will 

greatly affect the binding affinities, layer sizes, conductivities, and surface morphologies of the polymeric 

films [220]. Good recent examples, presenting the optimisation required for the production of a sensor 

array for the detection of β-lactam antibiotics, were reported by Moro et al. [221] and Bottari et al. [222]. 

Both explained the rationale behind the design of their eMIP-based sensor platform through computational 

modelling. Moro et al. discussed the importance of utilising a conductive polymer (4-aminobenzoic acid, 

4-ABA) to synergize with their chosen square wave voltametric (SWV) detection method and the use of 

modifiers, in this example multiwalled carbon nanotubes (MWCNTs), to enhance the electroanalytical 

properties of the device. The overwhelming majority of sensor platforms utilising electrodeposition also 

use electrochemistry as their chosen detection method. This can be achieved either through indirect 

detection, such as the redox probes described earlier, or by direct detection of the binding between the 

target and recognition element. One such way to monitor the interfacial changes at the MIP/electrode 

surface is through EIS, where a change in the measured charge transfer resistance (RCT) can signify the 

binding of a target molecule. Roushani et al. [223], demonstrated this using a design that utilises a 

combination of electrosynthesised poly(resorcinol) MIP and a silver nanoparticle (AgNP)/reduced 

graphene oxide (RGO)/aptamer system. Although this methodology uses a large amount of preparation 

steps, it was able to detect chloramphenicol (CAP) in milk samples. Resorcinol (C6H6O2) offers another 

effective choice of monomer for antibiotic detection through eMIP layers, due to its ease of polymerisation 

and favourable structure. This presents an improved chance of advantageous hydrogen bonding occurring 

between the hydroxyl groups present and the functional groups on the antibiotic molecules. Although 

electropolymerisation techniques lend themselves toward fast single-sensor production, it does not scale 

well for mass production due to the often multistep production schemes and varying conditions [224]. 
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Electropolymerisation offers a promising method of fast and varied single-sensor production; however, in 

its current form, the scalability ready for mass production of sensor platforms is not readily available. In 

particular, this production methodology does not lend itself to array sensor development for multiple 

analytes. The use and development of more conductive polymers with an array of functional groups will 

allow for great improvement on the sensor efficacy of eMIP-based sensor platforms for the detection of 

antibiotics, allowing for improvements in the sensitivity and selectivity.  

 

1.5.3 Grafting from/to CoreShell Nanoparticles  

There has been considerable increase in the use of MIPs based on coreshell nanoparticles that can 

overcome the drawbacks generally associated with monoliths. The formation of thin imprinted polymer 

layers on a solid support enhances binding kinetics, mass transfer, and facilitates easy template removal. 

Among the materials used for MIP functionalisation, Fe3O4 magnetic nanoparticles (MNPs) are most often 

used due to their paramagnetic properties. A comprehensive review on magnetic particles for MIPs in 

analytical chemistry, including for the extraction of antibiotics from environmental and food samples, is 

provided by Chen et al. [225], The use of controlled polymerisation techniques allows to devise the 

molecular architecture of interest. Atom transfer radical emulsion polymerisation (ATREP) was used to 

functionalise a molecularly imprinted layer for tetracycline onto magnetic particles [226], leading to a 

material that can extract the antibiotic tetracycline with very high specificity from a food sample. AuNPs 

have the advantages of excellent optical, electronic, and catalytic properties [227] and are therefore often 

used for sensor applications. Gold structures combined with silica nanoparticles were used for the specific 

detection of ENR. The presence of gold core branches [228] acted as intrinsic hot spots that strongly 

enhance the electric magnetic field, thereby significantly augmenting the Raman scattering and thus 

leading to a higher specificity. It was shown that the combination of silica and AuNPs increased the signal 

by a factor of two compared to AuNPs on its own. It is expected that different cores, such as polystyrene 

microspheres [229] and chitosan microspheres, which possess excellent biocompatibility, will be explored 

in the future. However, it has to be noted that the use of a thin MIP layer can limit the number of recognition 
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sites, which will hamper the sensor sensitivity. Therefore, currently, the preferred method of choice is 

suspension or emulsion polymerisation, which has proven to yield MIPs with high adsorption capacity 

while maintaining excellent binding kinetics. The key issues with the current methodology include precise 

controlling of the thickness, as buried templates can limit the extraction process, and a multistep process 

that is often not scalable, even though examples of one-pot synthesis of MIP particles are present. The 

group of Niu et al. developed a range of MIP particles bearing hydrophilic polymer brushes via controlled 

polymerisation [184] techniques. A one-pot synthesis method, based on hydrophilic macromolecular 

chain-transfer agent (macro-CTA)-mediated reversible addition fragmentation chain transfer precipitation 

polymerisation, was used to prepare fluorescent MIP nanoparticles for tetracycline. The use of hydrophilic 

polymers ensured that measurements are compatible with biological samples, which enabled direct 

quantification of tetracycline in complex biological samples [184]. Instead of a solid support, it is possible 

to use as a sacrificial support matrix. The approach chosen by Tang et al. [230], shown in Figure 1.3, 

demonstrates the preparation of hollow MIPs with fast absorption kinetics (10 min) for ENR. This method 

was used to determine the levels of this antibiotic in fish samples, with LoDs well below the legally 

maximum residual level. The sacrificed support matrix, K2Ti4O9 was chosen because of its nontoxicity, 

low cost, and easy removal process. Silica is one of the popular choices as sacrificial support as the 

polymers can be embedded into the pores of the particles.  

 

1.5.4 Solid-Phase Imprinting: Immobilization of the Template on a Solid Support  

NanoMIPs have the potential to become cost-efficient and robust alternatives to natural antibodies in 

diagnostics. However, intrinsic problems associated with the imprinting technique have limited their 

adoption at an industry level. In particular, the most evident drawbacks are: 1) the presence of residual 

template in the MIP; 2) high binding site heterogeneity; and 3) lengthy or labor-intensive methodologies 

required for MIP production. The solid-phase imprinting approach allows to overcome these drawbacks. 

In this method, the template is covalently immobilized on the surface of a suitable solid support (such as 

solid glass beads, magnetic particles, or similar). This support bearing the immobilized template is then 



57 

placed in contact with the monomer mixture, and polymerisation is initiated under conditions that promote 

the formation of polymeric nanoparticles. After the polymerisation, the solid support acts as an affinity 

medium: by means of a temperature-based affinity step, unreacted monomers, oligomers, and low-affinity 

particles are eluted. Then, the temperature of the system is increased and this leads to the disruption of the 

stronger interactions between high-affinity particles and template, allowing to selectively collect high-

affinity nanoMIPs only (Figure 1.8). A thermos-responsive monomer is required for MIP syntheses such 

as these as explained by Chen et al. [231]. As previously demonstrated [232], this process can be easily 

automated and executed in a matter of a few hours. Because of the affinity purification step, nanoMIPs 

possess high affinity and specificity toward their targets, exhibit a homogeneous distribution of binding 

site affinities, and do not contain any residual template (as it was covalently attached to the solid-support). 

However, template leaching may occur if the bond used to immobilize the template onto the solid phase 

gets cleaved (usually by hydrolysis) during the elution process. It should be noted that high-affinity 

nanoMIPs can also potentially be collected by means of changes in pH and/or solvent.  

 

 

 

Figure 1.8. a) Solid-phase synthesis of nanoMIPs. In this example, a protein is shown as the template 

molecule. b) Representative TEM of nanoMIPs. Reproduced with permission [233]. 
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Medina Rangel and co-workers [234] used the transition temperature of NIPAm to collect the high-affinity 

nanoMIPs, conducting imprinting at 37 °C and the elution at lower temperature (i.e., at 25 °C—which is 

below the lower critical solution temperature of the MIP polymer). This allows the nanoMIPs to swell, 

detach from the immobilized template, and be eluted. The proposed approach is generic in nature as 

virtually any molecule can be imprinted, and it can be conducted both in water and in organic solvents (via 

a UV-triggered process). However, the template is required to bear at least one functional group for 

immobilization on the solid phase, and this may be problematic especially for small molecules, which 

potentially enable real-time detection of biomolecules. In a similar example, nanoMIPs for vancomycin 

produced by solid-phase synthesis were doped with ferrocene derivatives to make them electroactive 

[196]. This allowed the indirect electrochemical detection of vancomycin due to the change of redox 

properties of the ferrocene label upon binding. The authors claimed that the observed behaviour is likely 

due to hindering of the electron transfer process of ferrocene in the nanoMIPs by their interaction with 

vancomycin. As mentioned earlier, nanoMIPs have also replaced antibodies in assays. In one such 

example, antigentamicin-imprinted nanopolymers were used in a pseudo-enzyme-linked immunosorbent 

assay in spiked milk [235], as a synthetic capture antibody, whereas target detection was achieved in 

competitive binding tests with a horseradish peroxidasegentamicin conjugate. The developed polymers 

showed superior selectivity over other antibiotics (streptomycin and ampicillin) and were capable of 

detecting gentamicin in milk at clinically relevant concentrations.  

 

1.6 Outlook on the Future of Commercial MIP Sensors for Antibiotics  

The straightforward approach, ease of synthesis, and, more importantly, great chemical stability means 

that MIP integration within sensors is an appealing prospect as they can function in a variety of different 

environments. In contrast, a natural receptor that might have to be used instead often suffers from poor 

stability and lower specificity to the target compounds. In this research scenario, where the target/analyte 

is an antibiotic, an antibody or receptor might not be available [236], and in cases such as this, MIPs have 
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a clear advantage over naturally occurring ligands. Due to their relative ease of fabrication, researchers 

have utilised imprinted polymers for separation purposes, in the development of complex matrix pre-

treatment strategies [237], [238], and as artificial antibodies [232], [239]–[241]. While the imprinting 

techniques have improved greatly over the course of the years, it is easy to see how their use in combination 

with novel smart and nanomaterials greatly benefits the selectivity and the specificity of the sensors as the 

interest in exploring the integration of MIPs into chemo- [242]–[245] and biosensors [246]–[249] keeps 

rising. As a multidisciplinary technology, the use of MIPs will greatly benefit from the developments in 

polymer and material sciences, drug, and environmental research: in contrast, they can be tailored to get 

maximum advantage from the existing techniques e.g., microfluidic, nanotechnology, biotechnology, and 

stimuli responsive technology among others [250]. In recent years, the threat of AMR has been gathering 

much interest as the adverse consequences of such resistance are better understood. The manufacture of 

cheap, reliable sensors able to monitor antibiotic presence in a variety of environments and conditions will 

provide an avenue of determining the level of human exposure to antibiotics in our everyday life and what 

implications and impacts this may present for current and future increasing antibiotic resistance. The 

intrinsic stability of MIPs would allow for a long shelf life and robustness regardless of the conditions they 

might be used in. The adaptability of MIPs toward a target of interest and their accessibility makes them 

great candidates for this very delicate and important task. Despite their unequivocal usefulness and 

practicability, a few factors limit the commercial use of MIPs, including 1) limited sensitivity of 

microparticles, which makes them unable to compete with commercial antibodies; 2) integration of MIPs 

into electrodes that is not an evident task; and 3) mass production of these sensors, which is complicated 

with standard methods of producing nanoMIPs including electropolymerisation or lithographic 

techniques, even though several examples have been shown where these problems are partially overcome. 

Currently, only a few companies are present in the market and the commercialisation of MIPs has mostly 

been confined to laboratory research, mostly focused on SPE of several environmental contaminants.[83] 

MIPs are usually prepared in organic solvents (water affects mostly H-bond-driven template-functional 

monomer equilibrium) but it has been shown that rebinding is usually more efficient when synthesis takes 
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place in the same solvent used for synthesis [251]. Water and food analysis might thus be a challenge for 

the obvious presence of water; however, if practices such as taking hydrophilicity of monomers into 

consideration during monomer selection and conducting controlled radical polymerisation to control 

surface modification are considered, then, compatibility issues can be reduced. Another issue is the number 

of functional monomers available that are appropriate for their synthesis, which is a hurdle to overcome. 

However, this limitation has pushed several researchers to explore alternatives, including the combination 

of different monomers and the exploitation of amino acids. The issue can also be tackled by the design of 

new monomers with multiple and varied functional groups, as they can facilitate the ability to offer several 

interactions with the target, a highly desirable development at the current stage [86]. The exceptional 

circumstances in which the COVID-19 pandemic has significantly accelerated the recent growing interest 

in AMR have drawn the attention to the mass production of in-field sensors, whose main features include 

long shelf life, stability, and ease of use. Despite the increase in academic output recorded in the last 20 

years, industrial application has not followed a similar trend mostly due to the limitations mentioned 

earlier. Nonetheless, the recent breakthroughs in the synthesis are likely to ignite interest in novel MIPs. 

Mass production of polymers imprinted with antibiotics, especially if produced using the noncovalent 

method and mild temperatures, can benefit the great advantage of reusing the template and make 

sustainability a great selling point. The EU has banned animal-derived antibodies [252], which boosts the 

appeal of MIP usage as their design and production does not require animal exploitation, constituting a 

significant ethical advantage. Moreover, their low cost and robustness make them a safe bet for the 

construction of field deployable and in vivo sensors. 

 

1.7 Aim of the study 

Through speculation on the severe impact of AMR bacteria detailed in Section 1.1 and the insufficiencies 

of current sensor platforms to aid the issue mentioned thereafter, exploration and development of a 

polymer-based sensor platform for antibiotic detection has been carried out. Primary objectives were to- 
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Chapter 3: Optimise and survey the validity of a dual sensor platform incorporating both a thermal and 

fluorescent read out.  

Chapter 4: Investigate the polymerisation process in terms of possible sensor platform expansion and 

methodology to maximise the versatility and applications of the sensor produced.  

Chapter 5: Extrapolate the use of MIP based sensors from small molecule targets to much larger targets 

such as full cells (e.g. yeast cells) in a proof-of-concept study to demonstrate future ability for application 

to direct AMR bacteria detection, further aiding the AMR crisis via an alternative route and cut down 

identification times in infections to give rise to faster, more specialised treatment.  

 

Chapter 2 explains the general methodologies that were used throughout the thesis whilst an specific 

parameter selection of aforementioned methodologies will be explained in each chapter and how they 

were optimised for the work that was being carried out. Chapter 3 will explore the optimisation and 

development of the dual sensing platform, form the monomer selection process, the polymer optimisation, 

and the sequential thermal and fluorescent analysis of the polymers. The small sample quantity needed, 

allows for the conceptualization of this device to be future developed into an on-site sensor. Chapter 4 will 

explore an electrochemical approach to the polymers and how the polymers can be used to create MIP 

modified SPEs via two differing polymerisation methods with a following contrasting evaluation of both 

methods. Chapter 5 will explore the adaption of the target versatility of the polymers and delve into how 

the imprinted polymers can be used to detect targets ranging from small pharmaceutical molecules up to 

much larger targets such as full cells (e.g. yeast cells) Finally, Chapter 6 summarises all the work carried 

out and evaluates what work there is still required in order to produce a commercially viable sensor 

platform.   
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Chapter 2. General Methodologies and Chemicals 

 

Hereafter is a discussion and explanation of methodologies used throughout this thesis. The experiments 

were carried out in the manner disclosed in this chapter unless otherwise stated in an individual chapter. 

 

2.1 General Chemicals 

A summary of the chemicals used within this thesis are stated in Table 2.1. Deionised water was used 

throughout with the resistivity of 18.2 Ω cm. 

 

Table 2.1. General chemicals used throughout the presented thesis. 

Chemical Source Chemical Source 

2-vinylpyridine 

Sigma Aldrich 

(Gillingham, UK) Hydrochloric acid 

Sigma Aldrich 

(Gillingham, UK) 

3-(trimethoxysilyl)propyl 

methacrylate (MAP TMS) 

Sigma Aldrich 

(Gillingham, UK) Hydrogen peroxide 

Sigma Aldrich 

(Gillingham, UK) 

9-vinyl anthracene 

Alfa Aesar (Heysham, 

UK) 

Methacrylic Acid 

(MAA) 

Sigma Aldrich 

(Gillingham, UK) 

Acetone 

Sigma Aldrich 

(Gillingham, UK) Methanol 

Sigma Aldrich 

(Gillingham, UK) 

Acrylamide (AA) 

Sigma Aldrich 

(Gillingham, UK) 

Nafcillin sodium 

monohydrate 

Fisher Scientific 

(Loughborough, UK) 

Adenine sulfate 

Alfa Aesar (Heysham, 

UK) 

Phosphate buffered 

saline (PBS) tablets Oxoid (Hampshire, UK) 

Ammonium hydroxide 

Sigma Aldrich 

(Gillingham, UK) Potassium chloride 

Sigma Aldrich 

(Gillingham, UK) 
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Amoxicillin 

Sigma Aldrich 

(Gillingham, UK) 

Potassium 

dihydrogen 

phosphate 

Sigma Aldrich 

(Gillingham, UK) 

Azobisisobutyronitrile 

(AIBN) 

Sigma Aldrich 

(Gillingham, UK) Pyrrole 

Acros Organics 

(Loughborough, UK) 

Chloroform 

Sigma Aldrich 

(Gillingham, UK) Sodium chloride 

Sigma Aldrich 

(Gillingham, UK) 

D (+)-glucose 

Fisher Scientific 

(Basingstoke, UK) Tetracycline 

Sigma Aldrich 

(Gillingham, UK) 

Dimethylsulfoxide 

(DMSO) TCL (Oxford, UK) 

Tetrahydrofuran 

(THF) 

Sigma Aldrich 

(Gillingham, UK) 

Dimethylformamide 

(DMF) 

Sigma Aldrich 

(Gillingham, UK) Toluene 

Sigma Aldrich 

(Gillingham, UK) 

Disodium phosphate 

Sigma Aldrich 

(Gillingham, UK) 

Trimethylolpropane 

trimethacrylate 

(TRIM) 

Sigma Aldrich 

(Gillingham, UK) 

Ethanol 

Fisher Scientific 

(Loughborough, UK) Yeast extract 

Fisher Scientific 

(Basingstoke, UK) 

Glucose 

Fisher Scientific 

(Basingstoke, UK) 

  

 

2.2 MIP polymerisation 

 

Conventional MIPs have a composition made up from five categories of reagents: target, functional 

monomer, crosslinker monomer, solvent (also called porogen) and an initiator. These reagents are 

individually selected for each unique MIP depending on the platform there are destined to incorporate into 
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and what the MIP is designed to detect. The template, functional monomer and solvent are traditionally 

added first to allow a pre-polymerisation complex to form after which the crosslinker is added. With the 

initiator being added last, oxygen was purged from the reaction mixture via bubbling through nitrogen gas. 

Polymerisation methods differ depending on the desired polymer form. In this thesis, polymer 

microparticles and direct polymer film formation onto electrodes via UV and thermal polymerisation were 

explored.  

 

2.2.1 Production of polymer microparticles using free radical polymerisation 

After combining the reactants described in Section 2.2, the solution was degassed, after which a rubber 

septum was placed over the sample vial. A nitrogen balloon was fitted on top via a syringe needle. The 

reaction was heated to 65°C for 30 min. During this, the reaction solution changed to a cloudy solid. Once 

polymerised, the polymer was extracted from the vial and ground via pestle and mortar into a fine powder. 

The powder was then placed in a 50:50 solution of methanol: water and refluxed. Every 24 hrs, the 

suspension was taken off reflux and separated via a Büchner funnel. The filtrate was analysed via UV vis 

spectroscopy which determined template leaching from the microparticles. This extraction step was 

repeated until no trace of template was observed via the optical analysis. 

 

2.2.2 Film polymer production 

After degassing, the polymerisation solution (5 µL) was placed onto a functionalised glass chip with a 

microscope slide placed on top this ensured uniform distribution of the solution as well as limiting access 

of oxygen to the polymerisation. UV polymerisation (1 min) was used to create a thin polymer film on the 

functionalised glass. The procedure was repeated twice more with each polymerisation given 15 sec less 

each time. In between each polymerisation, the chip was slid off the microscope slide, allowed to stand for 

1 min and then washed with chloroform After the final polymerisation, a methanol wash was required 

after the chloroform wash. This afforded 3 layers of polymer film that are still transparent, avoiding thick 

“crusting” of the polymer which renders that sample defective for fluorescent analysis. The MIP modified 
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glass chip was then placed in 1:1 methanol: water solution and left on an orbital shaker (100 rpm) until no 

trace of target could be detected via optical analysis. All NIPs mentioned in this research were produced 

according to the same protocol for the MIPs apart from addition of a target molecule in the reaction 

mixture. 

 

2.3 Glass cleaning and functionalisation 

Modified glass chips were achieved via cutting microscope slides into 1 cm2 glass chips. The chips were 

then washed separately in the following solutions and sonicated for 8 mins at 65 °C – first wash DI water, 

second wash with methanol and the final wash with acetone. The chips were then dried completely with 

nitrogen gas. The chips were then washed separately in the following solutions and sonicated for 15 min 

each at 65 °C, rinsing with DI water 2 times between the two cleaning solutions. Firstly, with ammonium 

hydroxide, hydrogen peroxide and water (1:1:5 volume ratio) followed by hydrochloric acid, hydrogen 

peroxide, water (1:1:5 volume ratio). After this final washing step, the chips were rinsed 3 times with DI 

water and dried completely with nitrogen gas. Directly after drying the chips were placed in 4% MAP 

TMS in toluene (15 mL). The tube was turned horizontally, shaken so that no overlapping of chips was 

present and placed onto an orbital shaker and then left for 24 hr at 100 rpm. Afterwards, the chips were 

washed in methanol and dried individually with nitrogen. Once the chips were functionalised, 

polymerisation solution (5 µL) was placed onto the functionalised glass slide with a microscope slide then 

placed on top.  

 

2.4 Batch rebinding 

Batch rebinding experiments provided insight into the specificity and selectivity of the polymer produced. 

As stated in Chapter 1, specificity is related to the binding capability of a MIP to a target compared to that 

of a NIP, which can be measured quantitatively by determining the imprint factor. A higher level of 

binding affinity expressed by a MIP demonstrated that the produced material had cavities for specific 

binding of the target whereas the reference NIP only possessed non-specific binding to the surface. 
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Selectivity is related to the MIPs ability to discern between two differing targets. Depending on what 

sensor is being developed influences what level of selectivity is required i.e., it would be beneficial to 

detect a family of compounds rather than isolate a single molecule in certain cases. 

Batch rebindings were carried out by initially weighing known amounts of polymer into sperate vials. A 

known volume of solution (target or competitor target solution) was added to a corresponding vial 

containing the polymer. The suspension was left on an orbital shaker for 30 min after which separation of 

the suspension was achieved via syringe filters with the filtrate being saved. The filtrate was then analysis 

via UV vis (before which a calibration curve was derived) and the concentration of the filtrate can be 

acquired. The batch rebinding experiments are defined by Equation 2.1. (CI is the initial concentration 

(mM), Cf is the final concentration (mM) and Cb is the concentration bound to the polymer (mM)).  

 

𝐂𝒃 = 𝑪𝒊 − 𝑪𝒇  [Equation 2.1]  

 

Cf was calculated by division of the gradient parameter from the calibration graph. This was then 

subtracted from Ci , the known concentration, to give the concentration bound to the polymer. Cb was then 

multiplied by the volume used (L) and subsequently divided by the amount of polymer used in the vial 

(g). This affords the substrate bound (Sb, µmol g -1) as a quantification to the polymers binding capabilities 

taking into consideration how much target (g) a certain amount of polymer can bind to. However, this 

includes both specific binding and non-specific surface binding.  The difference between MIP and NIP 

will yield the specific binding due to interaction of the polymer and target molecule at a given 

concentration. This is noted as an Imprint factor (IF) which is described in Equation 2.2. 

 

 

    𝐼𝐹 =
𝑆𝑏(𝐶𝑖=𝑥)

𝑆𝑏(𝐶𝑖=𝑥)
  [Equation 2.2] 
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2.5 Fluorescent Analysis 

The thesis presented employed two different fluorescent analysis techniques. A plate reader coupled with 

a fluorometer was utilised for fluorescent analysis of fluorescent polymer suspensions. Filters were chosen 

with respect to the fluorescent monomer selected, 9-vinyl anthracene, with the excitation at 485 nm and 

the emission at 520 nm. Results were gathered in triplicate with background readings taken away for each 

reading taken. During the analysis, suspensions of the fluorescent polymer were introduced to a stated 

target solution in PBS. Unpolymerised 9-vinyl anthracene was also introduced to target solutions in 

separate wells. The readings taken from these monomer solutions were subtracted from the suspension 

sample readings to try to minimise autofluorescence fluctuations of the monomer from interfering with 

the signal of the polymer suspensions. The use of PBS solution limited the influence of pH on the 

fluorophore. The readings gathered were in arbitrary units (AU) and were converted to percentages for the 

purpose of analysis. The procedure was carried out with agitation of the well plate to try to minimise 

polymer particulate aggregation. Well plates were covered with film to reduce oxidation of the target 

solutions. In another effort to reduce oxidation, an experiment was set up in which ascorbic acid was 

incorporated into the PBS solution to act as a radical scavenge however the error percentage of the results 

were significant and therefore the experimental data was excluded from the chapters analysis, see 

Appendix A. 

A second form of fluorescent analysis was carried out via an inverted fluorescent microscope ( λex = 340 

nm and λem  = 425 nm). A fluorescent MIP modified glass chip (1cm2) was inserted into a HTM flow cell 

and mounted onto an in-house printed flow cell stage holder, see Figure 2.1. 
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Figure 2.1. In-house designed and printed flow cell stage holder in which inlet and outlet tubes are fastened 

into position through each clip at either end. 

 

The polymer modified glass chip had a score cut through the polymer layer that acted as a reference point 

and allowed for a background reading to be taken. The back of chip was painted matte black which 

avoided any issues associated with light scattering. The sample was white light illuminated and observed 

under a 4x objective lens. The flow cell was fitted with an inlet and outlet tube to allow for target solution 

injections. Once the flow cell was sealed, PBS solution was injected in to fill the flow chamber (volume = 

110 µL). A section of the chip was selected to observe under the microscope that was covered in polymer 

but also displayed a section of uncovered glass (a section of the score that was cut through the polymer). 

Captures of the selected section were taken every 2 mins for 10 min. At 1 min 45 sec into the experiment, 

3 mL of solution (target or PBS blank as stated in Chapter 3) was injected into the flow cell. The captures 

gathered were then analysed via a bespoke Python script (see Appendix B) which allowed for 

quantification of the fluorescent intensity. The analysis took three regions (100 000 μm2 each) of polymer 

covered glass within the chosen study area and averaged the triplicates. As with the first fluorescent 

analysis, a background reading was taken from a region of the uncovered glass (100 000 μm2) and was 

subtracted and then the data was converted into a percentage of fluorescent intensity.  

 

2.6 HTM analysis 
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A heat transfer set up designed in-house was coupled with an in-house printed flow cell (see Figure 2.2) 

which were used for all thermal analysis experiments and had an internal volume of 110 µL. 

 

 

Figure 2.2. Schematic of the flow cell used unless specified (see Chapter 3). An O ring and a copper block 

is placed on top of the flow cell to create a seal. 

 

The flow cell was placed in an in-house printed flow cell platform as shown in Figure 2.3, this ensured a 

secure position of the flow cell throughout the experiment as minor movements would cause the 

thermocouples to move which would have led to leakages of various injection solutions. 
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Figure 2.3. In-house deigned and printed platform to hold the HTM flow cell secure in which the inlet and 

outlet tubes are fed through the channels at either end. 

 

Once mounted on the printed holder the inlet and outlet tubes are attached as shown in Figure 2.4. A copper 

block was attached to the flow cell and acts as a heat sink. The copper block was heated by sending out a 

voltage to a 22 Ω thick film 20 W power resistor (Conrad Electronic, Germany). 

 

 

Figure 2.4. HTM flow cell mounted onto printed holder and placed in the HTM set up coupled with an 

incubator. 
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A Proportional-Integral-Derivative (PID) controller heats this copper block to 37 °C (T1). PID parameters 

were set to the optimized values determined for this environment and heat source of P = 1, I = 14, D = 0.3 

[253]. The temperature inside the flow chamber (T2) is recorded via a type-K thermocouple (RS 

Components, UK) 1.7 mm above the electrode surface. By subtracting T2 from T1 the thermal resistance 

at the solid-liquid interface can be found, this is then divided by the power input (P) to give the thermal 

resistance Rth (see Equation 2.3 (Thermal resistance (Rth) calculated by dividing the thermal resistance at 

the solid liquid interface (T1-T2) by the input power (P).)) 

 

𝑹𝒕𝒉 =
(𝑻𝟏−𝑻𝟐)

𝑷
   [Equation 2.3] 

 

PBS solution was injected through the flow cell in order to flood the flow chamber. The copper block was 

heated to 37 °C ± 0.02 °C and allowed to stabilise.  A blank injection of PBS solution (3 mL) was passed 

through after which increasing concentrations of solution (3 mL) were injected at 30 min intervals at a 

flow rate of 250 µL·min−1 by an automated NE500 programmable syringe pump (Prosense, Oosterhout, 

the Netherlands). A final injection of PBs was issued to ensure no loosely bound target remained which 

would have affected the response measured. The LoD was calculated through Equation 2.4 (SD blank= 

standard deviation of the PBS blank). This approximate LoD was compared to the SD of the target solution 

injections to ensure it as symbolic of all injections. 

 

𝑳𝒐𝑫 = 𝟑 x SD blank  [Equation 2.4] 
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Chapter 3. Development of a dual detection polymer-based sensor for 

antibiotics in aqueous samples. 

 

3.1 Abstract 

A polymer-based dual detection platform for sensing of antibiotic traces was developed, which will 

improve the reliability and accuracy compared to existing sensor platforms.  The Heat-Transfer Method 

as a thermal sensing technique has been extensively investigated previously by the group and has shown 

added benefits in terms of fast analysis, low-cost and straightforward operation compared to current state-

of-the-art. Fluorescent sensing is another widely used technique in commercial sensing; however, 

incorporating a fluorescent moiety into polymers is complex as the fluorophores are sensitive to changes 

in signal and as result, not as widely used upon as the use of carbon/ quantum dots. A polymer that can 

emit a fluorescent signal was developed, enabling the use of both fluorescent and HTM analysis. The 

HTM analysis afforded an LoD of 0.1±0.3 mM. MIP T (MIP tetracycline) exhibited a ten times greater 

response to the target tetracycline compared to the response saw with amoxicillin, a different antibiotic. A 

response such as this dictated that the polymer possessed significant levels of selectivity. MIP T also 

exhibited an additional 34 ± 1.1% d fluorescent quenching over that of NIP T, which highlights it also 

possessed crucial level of specificity. Described through the work was a polymer recognition element that 

was easily used for detection of antibiotic targets which lead to the output of a sensor that can be applicable 

to both thermal and fluorescent detection, lending to a new avenue for imprinted polymer sensing.  

 

3.2 Introduction  

Tetracyclines are broad spectrum antibiotics that are widely used for treatment of bacterial infections in 

patients and animals. It was also a common food additive in the food industry, but its blanket use has led 

to a significant rise in AMR [254] whilst its bioaccumulation in humans has led to severe health impacts 

such as hepatoxicity and exacerbation of renal failure symptoms [255], [256]. With Hamscher et al. 

conveying the persistent nature of tetracycline and new tetracyclines developed with additional heavy 
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metal groups attached to increase their bactericidal effect, there is now more need than ever to revolutionise 

the detection of this class of antibiotics [257].  

A dual detection system has been developed for tetracycline by Han et al. which exploits europium-doped 

CdTe quantum dots for visual and colorimetric detection of tetracycline [258]. The work undertaken gives 

insight as to the advantages of a dual detection system; however, it applied one analysis technique for two 

read-out systems whereas the work presented in this chapter is the combination of thermal and fluorescent 

as two separate techniques. This poses advantageous as environmental sensitivity in CdTe quantum dots 

could affect both the read outs whereas the separation of analysis techniques avoids this potential issue.  

Most fluorescent studies seen on antibiotic selection employed either carbon or quantum dots which have 

benefits associated with accuracy; however, a more simplistic approach is the incorporation of a 

fluorescent moiety into the polymer structure rather than adding on fluorescent probes has this provides an 

ease of use and production advantage whilst still maintaining high levels of reliability [186]. Hudson et al. 

has shown how both fluorescent and thermal analysis can be used to detect antibiotics (nafcillin) but the 

sensitivity of the fluorescent monomer used served as a limitation as to the appropriateness for the future 

use in environmental samples. The work will be improved upon by optimisation of the polymer 

composition primarily on the fluorescent moiety used to avoid pH sensitivity of the fluorescent moiety.  

The use of 9-vinyl anthracene as a fluorescent monomer in MIPs is relativity unreported on. However, an 

environmentally friendly recognition element was developed by Zhang et al. saw 9-vinyl anthracene being 

employed in with a MIP to detect Theophylline, a respiratory disease treatment drug [259]. Here the 9-

vinyl anthracene was used to functionalise the carbon nanotubes and the sensors binding capabilities were 

measured via a UV vis batch rebinding mythology rather than the monitoring of the fluorescent signal of 

the polymer on introduction to the intended target. The work here was not intended as an analysis system 

based on the fluorescent intensity of the polymer. 

MIPs have been utilised for tetracycline detection previously such as the work carried out by Pizan-Aquino 

et al. who synthesised magnetic MIPs that were analysed via an electrochemical and HPLC-UV 

methodology. The work afforded MIPs with an imprint factor of 3.5 which shows significant specificity, 
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which can be attributed to the use of a combination of functional monomers. The sensor was also applied 

to commercial milk samples, providing proof-of-application. The synthesis of the MIPs however, was 

complex and time consuming which is one of the critical issues facing MIP use [260]. 

Jamieson et al. showed in 2019 that through HTM analysis, LoD as low 0.54 ± 0.10 nM could be achieved 

for the antibiotic amoxicillin. From this work, it was clearly demonstrated how HTM analysis can be 

employed for specific and selective detection of antibiotics [213]. Jamieson et al. have demonstrated the 

HTM analysis can also be used to determine concentrations of yeast, a much larger target than an antibiotic 

[261]. With the ability to detect large, whole cells, the detection scope could be extended to AMR bacteria, 

a much more direct approach at battling the rise in AMR. However, preliminary foundation work such as 

the current project was needed to pave the way for such future generations of sensor platform.  

 

Figure 3.1. Structure of a) amoxicillin and b) tetracycline 

 

The study hereafter will predominantly focus primarily on tetracycline but will also touch on other 

commonly found antibiotics (such as amoxicillin) to further display the versatility of MIPs. From Figure 

3.1, the structures of tetracycline and amoxicillin can be observed. It was prevalent that many of the 

functional groups, hydroxyl groups, benzene rings and amine groups, are present in both structures. 

Therefore, monomer selection was carefully considered as any of these groups in either antibiotic molecule 

could interact with the monomers chosen. Another aspect of a MIPs selectivity comes from the shape of 

the pore created. This meant that even though both antibiotic molecules could interact with similar 

functional groups, the shape of the pore will also affect whether or not a molecule binds within an 

imprinted cavity. A dual detection platform combining fluorescent analysis with thermal detection will 

a b 
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produce a novel sensor that will exhibit the commercially desirable attributes of both detection systems. 

This will be the first step in a new generation of sensors with applications far beyond traditional detection 

platforms.  

 

3.3 Experimental  

 

3.3.1 Equipment and Reagents  

A UV-VIS spectrophotometer (BMG LabTech, FLUOstar Omega, BMG Labtech, Aylesbury, UK) was 

used for initial fluorescence studies. A Nikon Eclipse Ti-E, Nikon (Surbiton, UK) inverted microscope 

was subsequently used for fluorescent analysis. A Stuart mini orbital shaker SSM1 (Stafforshire, UK) was 

throughout the study. All experiments were carried out at 21±1°C unless otherwise stated. 9-vinyl 

anthracene was sourced from Alfa Aesar (Heysham, UK), DMSO was procured from TCL (Oxford, UK) 

while all other chemicals were purchased from Sigma Aldrich (Gillingham, UK). PBS tablets were 

acquired from Oxoid (Hampshire, UK) and were used to ensure a constant ionic strength of solutions 

experimented on whlst maintaining a constant pH level (7.4). UV polymerisation was induced by a Polytec 

UV LC-5 light source (λmax = 365 nm, Karlsbad, Germany). Ambient temperature was achieved via a 

VWR INCU-Line Digital Mini Incubator (Lutterworth, UK) during HTM analysis.  

 

3.3.2 Synthesis of Polymers  

Consultation with Prof Rurack’s team at BAM Bundesanstalt für Materialforschung und -prüfung, saw 

the formulation of the polymer composition. This composition saw a high amount of crosslinker added, 

which led production of a more robust polymer [174]. A 20:1 ratio of MAA functional monomer to the 

target was in effort to drive forward higher levels of specificity in the cavities synthesised while the relative 

quantity of the fluorescent functional monomer stayed at a 1:1 ratio with the target. This was primarily due 

to the fluorescent monomer not being used for an increase in specificity but primarily utilised for 

fluorescence intensity change inducing interactions between cavity and target. 
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MIP synthesis was carried out in a similar manner as described in Chapter 2 (compositions can be seen in 

Table 3.1 and Table 3.2) by dissolving the functional monomer (s), target in the solvent. Once dissolved, 

the crosslinker was added, followed by the initiator, AIBN. This solution was then degassed with nitrogen 

gas and then sealed in the vial with a nitrogen balloon adorning the vial. This reaction solution was left at 

65 °C for 1 hr until the reaction solution had become solid, indicating polymer formation.  

 

Table 3.1. Compositions of bulk polymers synthesised in this work 

 

The polymer was then added to 200 mL solution methanol: water (1:1) and left at reflux to enable 

extraction of the target molecule. The suspension was filtered through a Büchner funnel to separate the 

polymer from the solution. The dried polymer was then ground into a fine dust via a pestle and mortar. 

The filtrate was analysed via UV-vis to determine the levels of target it contained. The extraction was then 

continued until negligible traces of target was present in the filtrate thus indicating maximum extraction.  

 Target Fluorescent 

Monomer 

Functional 

monomer 

Crosslinker Solvent 

 

Initiator 

 

 

MIP A 

Amoxicillin 9-VA MAA TRIM DMSO/

DMF 

AIBN 

mM mg mM mg mM µL mM µL mL mM mg 

1.368 50 1.368 27.9 2.737 232 13.68 175 3 0.1368 22.

4 

 

 

MIP T 

Tetracycline 

 

9-VA 

 

MAA TRIM THF AIBN 

mM mg mM Mg mM µL mM µL mL mM mg 

0.1125 50 0.1125 23 2.25 191 11.25 359 3 0.1125 18 

Ratio 1 1 20 100 - 1 
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 Polymer films were synthesised in a similar manner to the aforementioned method however lower 

quantities of the reactants were implemented given the nature of the smaller scale synthesis. These smaller 

quantities are shown in Table 3.2. This reaction solution was degassed with nitrogen and then sealed 

completely for later polymerisation.  

 

Table 3.2. Compositions for polymers synthesised as thin films. 

 

Modified glass chips were achieved as described in 2.3 Glass cleaning and functionalisation. Once the 

chips were functionalised, 5 µL of the polymerisation solution was placed onto the functionalised glass 

slide with a microscope slide then placed on top. The chip was polymerised three times for 2 min, 1 min 

30 secs and 1 min 15 secs respectively. In between each polymerisation, the chip was slid off the 

microscope slide, allowed to stand for 1 min and then washed with chloroform. After the final 

polymerisation, a methanol wash was required after the chloroform wash. All NIPs mentioned in this 

 Target Fluorescent 

Monomer 

Functional 

monomer 

Crosslinker Solvent 

 

Initiator 

 

 

MIP A 

Amoxicillin 

 

9-VA MAA TRIM DMSO/

DMF 

AIBN 

µM mg µM mg mM µL mM µL µL µM mg 

5.473 2 5.473 1.12 0.1094 9.2

8 

0.5473 175 150 5.473 0.9 

 

 

MIP T 

Tetracycline 

 

9-VA 

 

MAA TRIM THF AIBN 

µM mg µM mg µM µL mM µL µL µM mg 

4.95 2.2 4.95 1.01 0.099 8.4 4.95 158 150 4.95 0.8 

Ratio 1 1 20 100 - 1 
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research were produced according to the same protocol for the respective MIPs apart from addition of a 

target molecule in the reaction mixture. 

 

3.3.3 Batch rebinding  

A calibration graph was produced from 5 different tetracycline concentrations (10 µM, 25 µM. 40 µM, 55 

µM, 70 µM). 5 mg of polymer was then placed into 5 separate vials. Each vial was then administered with 

7 mL of one of each of the TC concentrations. The vials were then placed onto an orbital shaker for 1 hr 

at 100 rpm. Afterwards the suspensions were filtered with the filtrate being collected. The filtrate was then 

analysed by UV-vis spectrometry and then processed via the calibration graph. The batch rebinding 

experiments are defined by 𝐂𝒃 = 𝑪𝒊 − 𝑪𝒇 , where Ci is the initial concentration (µM), Cf is the final 

concentration (µM) and Cb is the concentration bound to the polymer (µM). Cf is calculated by division of 

the gradient parameter from the calibration graph. This was then subtracted from Ci, the known 

concentration, to give the concentration bound to the polymer. Cb is then multiplied by the volume used 

(L) and subsequently divided by the amount of polymer used in the vial (g). This affords the substrate 

bound (Sb, µmol/g) as a quantification as to the polymers binding capabilities taking into consideration 

how much target a certain amount of polymer can binding to. However, this includes both specific binding 

and non-specific surface binding.  The difference between MIP and NIP will yield the specific binding 

due to interaction of the polymer and target molecule.  

 

3.3.4 HTM analysis 

A heat transfer set up designed in-house was utilised as described in Chapter 2. The HTM was coupled 

with an in-house printed flow cells (see Figure 3.3) which were used for all thermal analysis experiments 

and had an internal volume of 110 µL. A copper block is attached to the flow cell and acts as a heat sink. 

A Proportional-Integral-Derivative (PID) controller heats this copper block to 37 °C (T1). PID parameters 

were set to the optimized values determined for this heat source of P = 1, I = 14, D = 0.3 [253].. By 

subtracting T2 (the temperature inside the flow chamber) from T1 (37 °C) the thermal resistance at the solid-
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liquid interface can be found, this is then divided by the power input (P) to give the thermal resistance Rth 

(°C/W), see Equation 3.1. 

 

𝑹𝒕𝒉 =
(𝑻𝟏−𝑻𝟐)

𝑷
   [Equation 3.1] 

 

PBS solution was injected through the flow cell in order to flood the flow chamber. A blank injection of 

PBS solution was passed through after which increasing concentrations of solution were injected at 30 min 

intervals at a flow rate of 250 µL·min−1 via an automated NE500 programmable syringe pump (Prosense, 

Oosterhout, the Netherlands). 

 

3.3.5 Fluorescent Analysis 

Fluorescent analysis was initially carried out via a UV-VIS spectrophotometer (BMG LabTech, FLUOstar 

Omega, BMG Labtech, Aylesbury, UK). 20 mg of polymer was suspended in 5 mL of PBS. The 

suspension was added to each well (100 µL) and then the plate was inserted into the plate reader. The plate 

reader was programmed to initiate with an agitation step for 2 min, then a background reading was taken. 

Then, 100 µL of solution (variable e.g., PBS solution, amoxicillin solution, tetracycline solution) was 

injected into corresponding wells and another agitation step was initiated. A reading was then taken every 

2 min for 10 min (unless stated otherwise) with plate agitation happening in-between times to avoid 

particulate settlement as much as possible. All results were carried out in triplicate and had a reference 

blank of polymer with PBS injections instead of antibiotic solutions. The fluorescent intensity recorded of 

these blank wells were subtracted at each point of the experiment to rule out any fluorescent intensity 

change seen by the interaction of the polymer in PBS, be it the salts interacting with fluorophores or 

fluorophores interacting with other fluorophores.  The fluorescent intensity was plotted over time after 

triplicate results were averaged to produce timed fluorescent intensity plots. 
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A secondary fluorescent analysis was carried out using an inverted fluorescent microscope and flow cell 

set up (Figure 3.2) that allowed for the fluorescent polymer to be analysed at surface level.  

  

Figure 3.2. image of the individual fluorescent microscope set up. 

 

A MIP chip modified glass chip had a score cut through the polymer layer to produce a blank region of 

glass on the sample chip. The chip was then mounted into the flow cell atop an O-ring. The flow cell was 

sealed with a copper block. The set up was kept as close as possible to the set up required for HTM analysis 

to gauge how well fluorescent analysis could be carried out with the similar set up before attempting a 

simultaneous thermal and fluorescent analysis.  

 

Flow chamber 

Electrode 

Thermocouple (T2) 

Copper block (T1) 

Glass cover slip 
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Figure 3.3. depiction of the flow cell set up, demonstrating the glass cover slip over the flow chamber to 

allow for fluorescent analysis. 

 

Inlet and outlet tubing was attached at either end of the flow cell and then the apparatus was placed onto a 

3D printed stage which was then mounted inside the microscope set up. Once positioned on top of the 

microscope the score acted as a landmark reference point while observing the image through the 

microscope. A region of the chip was selected to have both polymer and blank glass present as this blank 

region is needed as a reference. An example region is shown below in Figure 3.4. Initially, the cell was 

filled with PBS solution and an absence of air bubbles was ensured. The analysis was set up for 10 min 

allowing for an initial reading to be taken at 0 min and then an image capture every 2 min. Just before the 

2 min image capture (time = 1 min 45 sec) the flow cell had tetracycline solution in PBS, 0.1 mM, (unless 

otherwise stated for a reference or selectivity study) pumped through. Then the experiment carried out 

with no further additions. This allowed for 4 image captures of the same section of polymer after the 

injection with an initial blank acting as a baseline. A Python script was created to quantify the fluorescent 

intensity of the region (see Appendix B). Three areas of polymer were chosen (shown by the white boxes 

in Figure 3.4) in each electrode region to gain triplicate results. The Python script followed each area over 

each image capture allowing the formulation of timed fluorescent intensity plots.  
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Figure 3.4. Example region of polymer modified glass electrode showing both polymer covered (shown 

by the white boxes) and uncovered regions (shown by the red box).  

 

3.4 Results and Discussion 

 

3.4.1 Synthesis of MIPs 

Bulk and film polymerisations were carried out as specified in Chapter 2. Oxygen was purged from the 

reaction mixtures via bubbling through nitrogen gas. This is because oxygen is a radical scavenger and 

therefore could scavenge radicals during the propagation stage of polymerisation, leading to early 

termination and therefore giving rise to the production of short chain polymers. This would inherently be 
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problematic in polymer production as this could lead to incomplete polymer formation around the target 

and therefore negatively impact cavity production.  During the functionalisation process, the chips were 

separated, ensuring no overlap, due to overlapping of glass electrodes during functionalisation leading to 

issues with incomplete functionalisation of the whole surface area of the glass chip. 

A microscope slide was placed onto of the monomer solution covered glass slide ensures uniform 

distribution of the solution as well as limiting access of oxygen to the polymerisation. The final two 

polymerisations made the films flaky, crusty and opaque. It was observed that when polymer film of this 

‘flaky’ type was extracted, the films fragmented and fell off the chip, this led to non-uniformity of the 

polymer layer and only partial polymer coverage. Washing procedure was optimised from an existing 

protocol from the group [186]. 

 

3.4.2 Batch rebinding via UV-vis absorption spectroscopy 

Specificity studies were carried out on MIP A and MIP T, differing by only the template they were 

imprinted with used. MIP A was used for the initial fluorescent analysis with the fluorometer coupled to a 

plate reader while MIP T was used in the second fluorescent analysis and in the HTM analysis. This was 

due primarily as tetracycline has a lower quantum yield (see Section 3.4.4) and therefore posed less as an 

interferant in fluorescent analysis. MIP A, imprinted with amoxicillin, was subjected to a specificity study 

and a selectivity study in which saw its binding affinity to amoxicillin compared with its reference NIP 

and to two other antibiotics: cephalexin and tetracycline. Figure 3.5a shows that MIP A had a much higher 

binding affinity to amoxicillin, the target it was imprinted with, over that of the other two targets. Through 

the batch rebinding experiment, it was shown that at 0.14 mM, MIP A had binding capabilities almost 4x 

that of the reference NIP A. This portrayed that the bespoke pores synthesised in MIP A elevated the 

polymers ability to bind to amoxicillin. MIP T was subjected to a specificity study and possessed an IF of 

1.8 at 70 mM. Although this IF was lower than MIP A, it was still necessary to change the template to 

help aid in the development of the fluorescent analysis, due to the higher quantum yield of amoxicillin as 

discussed in Section 3.3.4. 
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Figure 3.5. a) specificity and selectivity study of MIP A, showing its binding capabilities compared to that 

of NIP A and also to other targets and b) the specificity study of MIP T (using 10 mM, 25 mM, 40 mM, 

55 mM and 70 mM tetracycline solutions). 

 

Although the studies were carried out using a bulk-produced powder polymer and the dual detection 

system will utilise a polymer film, the composition being the same, means that whatever imprint factor 

was determined would be applicable to the polymer film also.  

 

3.4.3 HTM Analysis 

MIP modified glass electrodes were placed inside the flow cell described in Figure 3.3 and coupled to the 

HTM set up. PBS solution was flowed through the cell and stabilisation was allowed to occur.  

An initial injection of PBS was injected through after stabilisation, this acts as a reference base level. The 

starting Rth of the MIP was slightly higher than that of the NIP. This would be caused by 2 main reasons. 

Firstly, the position of the thermocouple within the flow chamber is crucial to the Rth received, therefore 

any slight differences between the position of this thermocouple when recording for the separate 

experiments would have resulted in the difference seen. Secondly, differences in surface structures would 

lead to a difference in initial Rth. The initial Rth of the signal would not have affected the results seen as the 
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results were interpreted with respect to the initial Rth signal of the singular polymer in question, not between 

the responses received for both the polymers. Figure 3.6b displayed the change in Rth, to aid the analysis. 

30 mins was allowed for stabilisation before increasing concentrations of tetracycline solutions were 

injected through the flow cell (0.01, 0.1, 1, 10, 100 mM).  30 mins was allowed between each of the 

solution injections to allow time for stabilisation. Slight drift was experienced; however, it was clear that 

after each injection, a higher thermal resistance was experienced. After the first PBS injection a 

stabilisation was seen at was 5.2°C/W (based on a 100 sec average), with weaker initial concentrations 

only very slight increases were witnessed however at 1 mM we can see a definitive increase at 5.6987 

°C/W. After the final PBS injection, a stabilised signal shows a Rth of 5.9975 °C/W, a 0.0688 °C/W 

increase in the Rth from the initial PBS injection. This final PBS injection is a crucial step in HTM analysis. 

It washed away any loosely bound target which allowed for the conclusion that any rise in Rth was due to 

strongly bound target molecules to the custom-made pores.    
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Figure 3.6. a) Comparison of the thermal resistance of MIP T (black and red) and NIP T (grey and 

magenta) upon injections of increasing tetracycline solution and b) displaying the dose response curve for 

MIP T. 

 

It was clear from the dose response curve, Figure 3.6b, and repeat data in Appendix C, that at all 

concentrations of tetracycline solution, the MIP displayed a higher change in thermal resistance upon 

binding than the NIP, confirming the hypothesised theory of specific binding occurring. The HTM 

displayed an approximate LoD of 0.101 ±0.3 mM. The standard deviation at the highest tetracycline 

concentration used (SD=0.03197) was lower than that of the blank PBS sample (SD=0.03381) which 

affirms that the LoD would be very similar if not lower. 
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3.4.4 Fluorescent Analysis 

An exploration of two methods for fluorecsent analysis were carried out. Initially a well plate reader 

coupled with a fluorometer was used. Polymer suspensions were added to the wells and the fluroecent 

singals were monitored over time after an injection of either taget solution or PBS solution.  

 

Figure 3.7. Specificity study of MIP A via fluorescent analysis during the introduction of amoxicillin (0.01 

mM). 

 

An initial specificity study was carried out on MIP A via UV vis analysis in 3.3.2. MIP A was subjected 

to another specificity study via fluorescent analysis as portrayed in Figure 3.7. It was evident from this that 

when MIP A was exposed to amoxicillin solution it had an elevation in fluorescent intensity of 22± 0.6% 

after 10 min compared to that of NIP A which showed a minor decrease in fluorescent intensity of 0.6± 

0.6% after 10 min. This proved that the specific binding of the template to the imprinted pores on the 

polymer spurred a change in the fluorescent intensity and not the nonspecific binding associated with NIP 

binding capabilities.  
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Figure 3.8. Specificity of MIP A with 0.03 mM amoxicillin in PBS, displaying the difference in fluorescent 

intensity exhibition between that of the MIP and the NIP. 

 

Figure 3.8 shows another specificity study via measuring the fluorescent intensity on amoxicillin 

introduction to MIP and NIP A over 30 min to gauge a clearer insight as to the fluorescent analysis for the 

specificity of MIP A. It was clear a different trend was observed in the first 10 min from that observed in 

Figure 3.7 which, as the analyse was the same apart from the duration of the experiment, called into 

question the reliability of this form of analysis for the desired observation. A clear difference was seen 

again between the MIP and NIP in regard to the fluorescent intensity measured throughout the experiment. 

It is plausible to account the significant increase due to specific binding of the target (amoxicillin) to the 

specific cavities, the interactions formed in these cavities could induce a higher number of cyclical electron 
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transmissions (from S0 to S1
’ to S1 to S0 energy states) in the fluorophore, causing increased fluorescence 

[156]. The increase shown by the NIP could be explained by non-specific surface binding that led to a 

similar increase in fluorescence but due to the lack of specific cavities, this increase was a much more 

limited exhibition. The general decrease over time of the fluorescence showed a different trend to that 

analysed in Figure 3.8 which could be due to the target-cavity complex having time to stabilise into a lower 

energy conformation and therefore reducing the amount of these cyclical electron transmissions. The 

polymers, where possible, were kept in darkness however absolute darkness cannot be guaranteed in the 

plate reader, therefore photobleaching may have been a contributing phenomenon in the quenching 

fluorescent signal over time.  

 

Figure 3.9. Comparison of target concentration effect on fluorescent intensity produced by MIP A. 
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Varying the target concentration is an important factor when considering developing a sensor platform. A 

sensor that can only detect the presence of a target is a much more qualitative approach and therefore less 

favourable for the current sensor under development. Figure 3.9 shows the fluorescence intensity recorded 

at intervals of MIP A when exposed to a series of amoxicillin solutions (0.005-0.03 mM). At the end of 

the experiment (time = 30 min), a general trend can be described; the lower the concentration, the lower 

the percentage fluorescent intensity will be displayed as the end, a chronological order of fluorescent 

intensity with each higher concentration at 30 min. However, upon closer inspection of the intermediate 

results, this trend was not prevailing throughout the whole experiment. This could be for a number of 

reasons. With higher concentrations there will be high levels of non-specific surface binding, depending 

on this and the position this occurred, the target molecules exhibiting this may have acted as non-

competitor inhibitors of the specific cavity i.e. although the molecule itself was not bound into the specific 

cavity, its position on the surface caused steric hinderance, which disabled another molecule to bind 

specifically. Another reason is sub-surface binding, which was present due to the heterogenous nature of 

the polymer particles through manual pestle and mortar grinding. The binding in instances such as these 

is more appropriately described by a Freundlich adsorption isotherm than a Langmuir isotherm as 

described by Umpleby et al. [262], who demonstrated the appropriateness of applying the Freundlich 

adsorption isotherm for polymers where high affinity and low affinity binding sites are present. It is 

plausible to assume that even at the lower concentrations, the majority of surface cavities are interacting in 

the intended manner with the template. However, progressing through the experiment, the target has time 

to infiltrate the polymer and access cavities which were below the surface, meaning that the later recorded 

data may be a truer representation of what was occurring. Though due to the many modes of fluorescent 

quenching mentioned in Chapter 1, the steady quenching throughout the experiment could been explained 

via other mechanisms that target-pore interactions. Due to the conflicted results gathered in Figure 3.7 and 

Figure 3.8 which have displayed an increase and decrease respectively in the fluorescent intensity another 

experiment was carried out, which ran for 6 hrs, as shown in Figure 3.10. This experiment utilised MIP T, 

a polymer similar in composition to MIP A but imprinted with tetracycline instead. From Figure 3.10, 
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much lower fluorescent intensities were observed, this could be to with the change in target as amoxicillin 

and tetracycline have critically different quantum yields (0.571 and 3.4 x10-4 respectively at similar pH 

levels) [263]. The lower quantum yield of the tetracycline target allows for less concern to be donated to 

the autofluorescence of the target itself, meaning that the focus of the change can be attributed more to the 

target-pore interactions. Figure 3.10 demonstrated that after 6 hrs MIP T when introduced to 0.25 mM 

solution of tetracycline, exhibited a decrease of 26.4%. Figure 3.10 also displayed a noticeable drop for all 

samples at 180 min. The ongoing rise of the fluorescent intensity noticed after this for three of the samples 

calls into question a defect with the instrumentation in terms of an environmental disturbance.  

The lack of clarity on what is happening at a surface level on MIP T when it interacts with targets and 

controls gave cause for concern. A major consideration in hindsight was particle size. Although all 

polymers synthesised were ground with a pestle and mortar, the exact polymer particle size is crude and 

nonuniform due to the nature of the grinding method employed. This could exacerbate the aforementioned 

explanation of subterranean cavities- target binding but also has negative repercussions on the reliability 

of the experiments with the plate reader.  Diffusion is known to be an issue [264]. A sample of polymer, 

of known weight, at a smaller particle size would inherently have more readily available specific cavities 

for rapid target interactions and therefore seem to exhibit more proficient specific binding capabilities. 

Another drawback of this methodology was its incompatibility with the HTM method. There was no 

obvious manner in which to combine both methodologies, particularly due unchangeable features of the 

fluorometer coupled plate reader such as the shaking step and lack of access for thermocouples while the 

plate reader is operating. 
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Figure 3.10. Fluorescent intensity of MIP T and NIP T on introduction of PBS and TC (0.25 mM). 

 

Progressive particle congregation is another cause for concern in such experiments as these due to the 

suspension nature of the sample. Particle settlement at the bottom of each well could critically affect the 

analysis despite the method being carried out under agitation to minimise this affect as much as possible.   

Due to the serious concern of particle settlement, a new analysis technique was devised. Fluorescent 

analysis through an inverted microscope gave many advantages for the desired analysis. Overcoming 

particle settlement issues aside, it allowed for a significantly higher level of understanding of what was 

happening on the surface of the polymer. The polymer was successfully mounted onto a functionalised 

glass electrode in thin layers as seen in Figure 3.11. 
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Figure 3.11. Capture of MIP films polymerised onto functionalised glass. Scores have been cut through 

the polymer to act as reference points.  

 

These polymer chips were enclosed in a flow cell (see Figure 3.3) which was then mounted onto the 

microscope stage under a 4x objective lens (Plan Apochromat, Lambda, 0.2NA, Nikon, Surbiton, UK), 

the sample was white light illuminated, with the excitation set at 340 and the emission recorded at 425 nm. 

During the experiment, specific areas were chosen within each induvial frames being captured by a 

sCMOS camera (Andor Zyla 4.2, Andor, Belfast, UK) and an exposure time of 0.5 sec ensured. Three 

regions of polymer covered glass and a single region of blank glass. These 4 regions were monitored while 

varying solutions were introduced into the flow chamber for a known stated of time. 
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Figure 3.12. monitoring of fluorescent intensity between MIP and NIP with tetracycline and a PBS control, 

with guideline for readers eye to follow.  

 

As was detailed in 3.2.5, the capture at 2 min was 15 sec after the influx of solution injected through the 

flow cell, whether that be target solution or PBS.  An immediate quenching was observed for the MIP 

with the tetracycline solution, the fluorescent intensity immediately dropped by 85.4± 1.1%. The NIP also 

exhibited a quenching of 59.4± 1.1% but this was after 135 sec. After the initial influx of tetracycline 

solution into the flow cell, the quenching was -0.3% at 15 sec. This negligible decrease suggested that the 

non-specific binding of the target to the surface was not instantaneous like the specific binding was with 

the MIP. Furthermore, the fluorescent quenching recorded was much less stable in the NIP than the MIP, 

suggesting that the non-specific interactions are much more reversible than those experienced by the MIPs 

specific pores to the target. The MIP which had PBS solution pushed through, displayed much less 

quenching than the other two experiments, this can be accounted to the lack of tetracycline present, there 
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for it cannot interact with the fluorophore to cause any change in the intensity. A potential mechanism for 

the observed quenching was described by Ooyama et al., 2011, in which the mechanism of quenching 

proposed was photoinduced electron transfer (PET) [265]. Ooyama et al, 2011, proposed the electron 

transfer was intramolecular whereas in the presented work in this chapter, the electron transfer would be 

hypothesised to be intermolecular. An electron from a functional group (e.g. the nitrogen of the amine 

group) on the target (tetracycline) was exchanged to the fluorophore, thus inhibiting the excited electron 

from returning to its lower energy state, thus quenching the fluorescence. When the target bound inside 

the imprinted cavity, the fluorophore and antibiotic were close enough for the electron transfer to take 

place intermolecularly. 

The specificity of the fluorescent system can be observed from Figure 3.12. There was a significantly 

decreased fluorescent intensity when the MIP was exposed to the tetracycline solution (the intended 

target), than when the NIP was exposed to it, a 33.8± 1.1% difference. As stated during the batch rebinding 

experiments, any difference in exhibited binding between that of a MIP and NIP was due to the presence 

of the specific pores present on the MIP. This means that when the target interacts with the functional 

groups present in the custom pores; electronegative double bound oxygen, conjugated systems and methyl 

groups, the electron exchange that occurred between the target and polymer surface functional groups in 

the specific cavities generated higher levels of fluorescent quenching than experienced in the non-specific 

interactions which can be accounted to the closer proximity the target can achieve when specifically bound 

into the imprints.  
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Figure 3.13. Selectivity study via fluorescent microscopy of MIP T, comparing the effects of three different 

solutions on the fluorescent intensity emitted by the polymer, with guideline for readers eye to follow  

 

The selectivity test of MIP T presented in Figure 3.13 exposed a much higher degree of fluorescent 

quenching when it was introduced to the target it was imprinted for over than of another antibiotic. The 

fluorescent intensity of the MIP introduced to tetracycline dropped by 86.2± 1.1% just 15 sec after the 

introduction the target solution. Unlike in Figure 3.12, all fluorescent intensities were stable, with no 

significant change observed after the initial capture at 2 min. The MIP introduced to amoxicillin in Figure 

3.13 saw a drop of 15.4± 1.1% after 135 sec of the introduction of the amoxicillin solution, compared to 

the 59.4± 1.1% drop the NIP experienced when interacting with tetracycline, displaying that the monomer 

selection for tetracycline sensing was appropriate, as even without cavities, the NIP exhibited a stronger 
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response. This further highlights the importance of the cavity shape and that it is almost as crucial as the 

monomers used. Amoxicillin has potential to interact with the functional groups present via hydrogen 

bonding and π-π stacking but still exhibited a relatively minor response in regard to the NIP and 

tetracycline. Another consideration was the lack of syringe pump used; 3 mL was injected by hand which 

would lead to discrepancies in the exact amount of solution added. The purpose was to flood the flow cell 

as quickly as possible with solution and therefore minor volume differences would not have affected the 

fact that the flow cell was completely flooded. As mentioned previously, the higher quantum yield of 

amoxicillin may have shadowed the decrease in the fluorescent intensity. 

In future work, it would be opportune to test the selectivity with another tetracycline analogue. This would 

give a truer representation of the calibre of the selectivity the polymer exhibits however as the aim of the 

work is to tackle antibiotic resistance from all antibiotics, hence the use of varying targets throughout this 

chapter, a sensor platform that can detect a family of antibiotics gives rise to broad spectrum sensing 

capabilities.  

 

3.5 Conclusions  

 

This chapter composed of an investigation into a new sensor platform, seeing MIP being developed for 2 

different analysis techniques. The imprinted polymers produced have been proven to have a significant 

level of specificity. The MIP developed has demonstrated the ability to discriminate between two targets 

which both can  form the same inter molecular forces portrayed that the shape of the cavity plays a critical 

role in imprinting selectivity. Several optimisation alterations were employed, primarily to the polymer 

composition and analysis technique. The composition of the polymer was altered to dramatically increase 

the amount of cross linker than was being used before to the incorporation of a second non-fluorescent 

functional monomer- MAA, whilst also increasing the amount of fluorescent monomer by 4 times the 

amount than was first proposed. The HTM data shows a considerable change in the thermal resistance 

between that of MIP and NIP T when introduced to tetracycline solutions. The MIP had an increase of 
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0.65 °C/W compared to that of 0.0015 °C/W which the NIP exhibited when introduced to 100 mM 

tetracycline solution in PBS. The LoD was 0.1±0.3 mM. The initial fluorescent analysis technique of a 

fluorometer coupled to a plate reader gave partial insight but proved to lack appropriateness to the desired 

fluorescent analysis.  An inverted fluorescent microscope was then utilised as it eliminated most of the 

issues encountered. Fluorescent analysis gathered from the inverted fluorescent microscope showed a 

significant level of specificity in the imprinted polymers produced with MIP T exhibiting a fluorescent 

quenching over a third of that experienced by the NIP. When the selectivity of the MIP was investigated, 

a fluorescent quenching of ~8 times higher was experienced in the MIP than the controls. A difference 

such as this is a significant indicator of the MIP composition being appropriate for the detection of 

tetracycline. Future work could see a non-fluorescent MIP being analysed in the same way to see if any 

autofluorescence is influencing the data obtained in this chapter, this would completely eliminate any 

effect the experiment. Furthering from just MIP T, this chapter has seen the detection of other targets, 

displaying the poignant versatility of imprinted polymers and their applicability in sensing a vast array of 

targets, not only antibiotics as Chapters 4 and 5 will demonstrate. the capabilities of imprinted polymers 

have been demonstrated throughout this thesis and has exhibited the capabilities of polymers such as these 

for dual detection and with minor optimisation of both analysis set ups, it is more than plausible to suggest 

that simultaneous real time detection which could lend to gaining insight to bacterial growth in infections, 

an area in need of enlightenment.  
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Chapter 4. Functionalisation of Molecularly Imprinted Polymers onto 

Screen Printed Electrode for the Detection of the Antibiotic Amoxicillin in Aqueous 

Samples. 

(Published as O. Jamieson et al, Chemosensors (2020) 8(1)) [213] 

 

4.1 Abstract 

Within this chapter, I will move from functionalising glass chips with MIPs towards use of Screen-Printed 

Electrodes (SPEs), which are disposable electrodes with high commercial potential. The optimisation of 

the solid-phase functionalisation is discussed along with the main objective of selective detection of 

amoxicillin in aqueous samples. Different functional monomers were tested to determine the optimal 

composition via optical batch rebinding experiments. Two different sensor platforms were tested using the 

same MIP composition; one being bulk synthesized and surface modified SPEs via drop casting the 

microparticles onto the electrode surface and the other being UV polymerized directly onto the SPE 

surface in the form of a thin film. The sensors were used to measure amoxicillin in conjunction with the 

Heat-Transfer Method (HTM), a low-cost and simple thermal detection method that is based on 

differences in the thermal resistance at the solid-liquid interface. It was demonstrated that both sensor 

platforms could detect amoxicillin in the relevant concentration range with Limits Of Detection (LOD) of 

1.89 nM and 0.54 ± 0.10 nM for the drop cast and direct polymerisation methods respectively. The sensor 

platform utilising direct UV polymerisation exhibited an enhanced response for amoxicillin detection, a 

reduced sensor preparation time and the selectivity of the platform was proven through the addition of 

nafcillin, a pharmacophore of similar shape and size.  

The use of MIP-modified SPEs combined with thermal detection provides sensors that can be used for 

fast and low-cost detection of analytes on-site, which holds great potential for contaminants in 

environmental aqueous samples.  
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4.2 Introduction 

It has been explained previously that veterinary and clinical use of antibiotics exerts selective pressure to 

bacteria, which accelerates the emergence of bacteria with AMR properties due to the accumulation of 

pharmaceuticals in the food chain and water systems. Pharmaceutical products are considerated point 

source pollution due to a significantly high level quantities of pharmaceuticals being disposed of through 

factory effluent. Watkinson et al. have shown that even in a first world country such as Australia with 

modern waste water treatment plant infrastructure, beta lactam antibiotics have a undeniable presence in 

the water system [24]. Recent studies from India, one of the world’s leading pharmaceutical producers, 

has revealed excessively high concentrations of antibiotic compounds in drinking water that exceed the 

maximum regulatory limits (MRLs). The ramifications of this has been seen in vulnerable populations 

living near manufacturing facilities, with an estimate of 58,000 new-borns dying in India in these regions 

from multi-drug resistant infection [266]–[268]. Developing countries are at a critically higher risk of 

negative health impacts from antibiotics leaching into water systems, which has been attributed to the lack 

of optimal wastewater treatment facilities and high costs associated with vigilant monitoring of 

pharmaceutical waste [269]. In Europe, the MRL of pharmaceuticals in food products of animal origin are 

strictly monitored however waste and surface water concentrations of micro pollutants is much less 

stringently monitored, allowing for negative effects of their presence in water ways to be exacerbated 

[270]. Beta-lactams, fluoroquinolones, macrolides, sulfonamides, and tetracyclines  make u the majority 

of antibiotic residues that are most often found in aquatic environment [271]. Current commercial 

screening tests for antibiotics in food and environmental samples either require a long response time 

(several hours), or are not able to selectively detect antibiotic compounds and solely provide semi-

quantitative information. From the limitations of current sensors for antibiotics listed in Chapter 1, there is 

a strong need for low-cost, robust, and easy to use sensors that can be used on site to determine trace levels 

of antibiotics in aquatic systems without out the need of highly specialised training to use the device. Many 

electrochemical sensors display promise in this respect [272]–[274]. Pellegrini et al. [275], gave insight as 
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to the usability of electrochemical sensors for the determination of antibiotics and promote their use for 

on-site testing due to their efficient analysis time (~2 hrs) and small sample volume (~100 µL). A lack of 

any pre-treatment steps while still maintaining a high level of precision motivates a strong indication of 

the appropriateness of this type of analysis for the desired purpose. Previous reports in literature have 

shown the ability of synthetic polymeric recognition elements, namely MIPs, to improve the affinity and 

selectivity of electrochemical sensors. Yang et al. [276], have demonstrated limits of detection in the 

nanomolar regime in buffered solutions and in spiked food samples, which can be achieved with MIP 

layers grown onto multiwalled carbon nanotubes. Zeinali et al. [277], used magnetic MIPs modified onto 

carbon paste electrodes combined with cyclic voltammetry to detect amoxicillin with a LoD of 0.26 nM. 

Betlem et al. [211], have shown the effective use for the Heat-Transfer Method (HTM) as an appropriate 

analysis technique for small molecules such as caffeine. The current study was built on from this work and 

tailored the detection system to a beta lactam antibiotic.  

The work carried out in Chapter 2 demonstrated the novel capabilities of MIPs when polymerised onto 

modified glass. This chapter will explore alternative polymerisation strategies that could be used to further 

improve the commercial potential for MIP-based sensors. Amoxicillin was used in this chapter as a case 

study and compared the sensors characteristics of microparticle modified screen-printed electrodes (SPEs) 

to those functionalised with a thin film. Amoxicillin, like tetracycline, is a heavily used and relied upon 

antibiotic, therefore warranting the monitoring of its presence in water systems. Amoxicillin is a major 

cause for concern in relation to AMR bacteria as 40%-80% is excreted in an un-metabolised state from 

humans and has a half-life of 9 days [10]. This will lead to high levels of amoxicillin present at various 

stages of the water system, allowing resistant bacteria to survive in conditions that non-resistant bacteria 

cannot will therefore inherently lead to a significant rise in the growth of AMR. The structures of 

amoxicillin and nafcillin, another beta lactam antibiotic used in this study to test the selectivity of the 

sensors, are shown in Figure 4.1. The inherent versatility of MIPs makes them ideal candidates as 

recognition elements for antibiotics as the issue of AMR growth is not limited to one family of antibiotics. 
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An easily modified sensor, such as a MIP based sensor would afford, could be tailored to a host of different 

targets exponentially increasing its usefulness in aiding this issue 

 

 

 

a) amoxicillin b) nafcillin 

Figure 4.1. Structures of a) amoxicillin and b) nafcillin showing matching β-lactam ring pharmacophores. 

 

SPEs, due to their high reproducibility, low-cost, and inherent suitability for mass-production, are often 

used in commercial sensor [278]. However, integration of polymer structures into SPEs is complicated 

due to their low resistance to traditional organic solvents such as chloroform and toluene [279].  

In this work, two different electrode modification strategies and compare and contrast towards the 

analytical detection of amoxicillin are explored. The SPEs are modified with MIPs in two manners: 

i) surface modification via dropcasting of MIP microparticles suspended into ethanol directly onto the 

sensor surface along with a thin layer of polypyrrole to hold the MIPs in place; 

ii) Directly deposition of MIP thin films onto SPEs using UV polymerization. 

The disadvantage of working with MIP microparticles is the two-step (indirect) functionalisation process 

and the fact that the resulting electrodes are insulating and not compatible with traditional electrochemical 

detection. Recent work has demonstrated that thermal analysis, in particular the Heat-Transfer Method 

(HTM), can provide an interesting alternative analysis technique that is easy to employ and provides rapid 

detection [253]. 
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4.3 Experimental 

4.3.1. Equipment and reagents  

Dimethyl Sulfoxide (DMSO) was sourced from TCI (Oxford, United Kingdom). Pyrrole, amoxicillin, 

nafcillin, azobisisobutyronitrile (AIBN), trimethylolpropane trimethacrylate (TRIM), methacrylic acid 

(MAA), acrylamide (AA) and 2-vinylpyridine were sourced from Sigma Aldrich (Gillingham, United 

Kingdom). Ethanol was sourced from Fisher Scientific (Loughborough, UK). The orbital shaker used was 

a Stuart mini orbital shaker SSM1 (Staffordshire, United Kingdom). Experiments were carried out at 20 

± 1 °C unless otherwise noted. UV/Vis analysis was carried out on an Agilent 8453 UV-Vis 

spectrophotometer (United States). Phosphate Buffered Saline (PBS) tablets were purchased from Sigma 

(Gillingham, United Kingdom) and used to maintain pH level (7.4 ± 0.2) and the ionic strength of solutions 

used throughout the experimental portion of the study.  

 

4.3.2. MIP and NIP microparticle syntheses 

MIPs for amoxicillin were synthesised with varying compositions, which are listed in Table 4.1. The 

general functionalization procedure includes mixing of the template (0.35 mmol) with the monomer (1.4 

mmol) in 3.3 mL of DMSO. Subsequently, the crosslinker monomer TRIM (2.8 mmol) was added 

followed by the initiator AIBN (0.22 mmol). The mixture was sonicated and degassed with N2. 

Polymerization was initiated by exposing the samples to a UV lamp (200 mW, Polytec UV LC-S, 

Karlsbad, Germany) for 10-15 min. The obtained polymer block was washed with water and subsequently 

ground to obtain a fine powder. The template was removed by continuous Soxhlet extraction with a 

mixture of methanol and water (50/50) until UV-vis analysis no longer showed traces of amoxicillin in the 

extract. The powders were washed with water and dried overnight under vacuum. Non-Imprinted 

Polymers (NIPs) were synthesized in the same manner but without the addition of the template. 

 

Table 4.1. The composition of the different MIPs, listing the amount of template, functional monomer, 

crosslinker monomers, initiator, and porogen used. 
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4.3.3. Batch rebinding experiments evaluated with optical detection 

Batch rebinding experiments were performed and optical detection was used to evaluate the binding of 

amoxicillin to the MIP and NIP powders. The antibiotic concentration was determined by measuring the 

absorbance at λ=272 nm. In each experiment, 10 mg of MIP or NIP powder was added to 5.0 mL of PBS 

 MIP-1 MIP-2 MIP-3 

Amoxicillin 

(mmol) 

0.35 0.35 0.35 

MAA (mmol) 1.4 - - 

Acrylamide 

(mmol) 

- 1.4 - 

2-vinylpyridine 

(mmol) 

- - 1.4 

TRIM (mmol) 2.8 2.8 2.8 

Initiator 

(mmol) 

0.22 0.22 0.22 

DMSO (mL) 3.3 3.3 3.3 
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solutions with amoxicillin concentrations between 0.5-1.0 mM. The resulting suspensions were placed on 

a rocking table (110 rpm) for 60 min and subsequently filtered. The free concentration of amoxicillin (Cf) 

in the filtrate was determined by comparing the absorbance to that of a pre-determined calibration curve. 

Subsequently, the amount of bound template (Cb) was calculated by subtracting the initial concentration 

added to the solution (Ci) by the free template concentration (Cf)- 𝐶𝑏 = 𝐶𝑖 − 𝐶𝑓  . The molecule of 

template bound per gram (Sb) were obtained by multiplying Cb by the volume in litres and then dividing 

this by the amount of polymer used in the experiment (10 mg). The Imprint Factor (IF) was determined 

by dividing Sb for a given MIP by the Sb for the corresponding NIP at a Cf value of 0.5 mM [280]. 

 

4.3.4. Thin film polymerization 

A pre-polymerization mixture of MIP 2 was produced as described in Section 4.3.2. The solution (0.3 µL) 

was applied onto the working electrode of the SPE and subsequently exposed to UV light (365 nm) for 1 

min. A cover slip was placed over the droplet and it was exposed to UV light for a further 1 min to complete 

the polymerization. The functionalized SPE was then washed in methanol and the template extracted in 

deionized water (40 mL) using an orbital shaker (160 rpm) overnight. A NIP was produced using an 

identical protocol without the presence of the target amoxicillin. 

 

4.3.5. Electrochemical deposition of polypyrrole 

Electrochemical experiments were performed using a standard three electrode set up. Graphite Screen-

Printed macroelectrodes (SPE, Manchester Metropolitan University, UK) [209], [281] were utilised as the 

working electrode alongside a nickel/chromium wire auxiliary electrode and silver|silver chloride 

(Ag|AgCl) reference electrode (BASi, USA). These were controlled by an Ivium Compactstat 

(Eindhoven, the Netherlands) connected to a Desktop PC (Dell, UK). The SPEs were fabricated in-house 

using a stencil design to achieve a 3.1 mm diameter working electrode using a graphite ink (Product Ink: 

C2000802P2; Gwent Electronic Materials Ltd., Pontypool, UK) and were printed using a DEK 248 screen 

printer machine (DEK, Weymouth, UK) onto a polyester flexible film (Autostat, Milan, Italy, 250 micron 
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thickness). The layer was cured in a fan oven at 60 °C for 30 min and finally, a dielectric paste (Product 

Code: D2070423D5; Gwent Electronic Materials Ltd., Pontypool, UK) was then printed onto the 

polyester substrate to cover the connections. The SPEs were then cured for an additional 30 min at 60 °C 

before used [282], [283]. 

All electrochemical measurements were carried out at 20 ± 1 °C and using deionised water of resistivity ≥ 

18.2 MΩ cm. Prior to all electrochemical measurements the solutions were thoroughly degassed with 

highly pure nitrogen for 15 min. 

MIP microparticles were dispersed in ethanol (1 mg/mL), dropcast (30 µL) onto the SPE surface and 

allowed to dry. Following this, a thin layer of polypyrrole was applied to the SPE surface to hold the MIPs 

in place. A droplet (30 µL) of pyrrole (0.1 M) in PBS was applied to the electrode surface. 

Electropolymerisation was performed through chronoamperometry, using the three-electrode system 

described above and applying a potential of + 0.8 V for 30 s. The electrodes were thoroughly rinsed with 

deionised water and the presence of MIPs on the surface confirmed by Scanning Electron Microscopy 

(SEM) (Appendix D)  

 

4.3.6. Scanning electron microscopy (SEM) 

SEM measurements were recorded on a Supra 40VP Field Emission from Carl Zeiss Ltd (Cambridge, 

UK) with an average chamber vacuum of 1.3 × 10-5 mbar and average gun vacuum of 1 × 10-9 mbar. To 

enhance the contrast of these images, a thin layer of Au/Pd ((8 V, 30 s) was sputtered onto the electrodes 

with a SCP7640 from Polaron (Hertfordshire, UK). 

 

4.3.7. HTM measurements with MIP-modified SPEs  

HTM analysis was carried out in a similar manner as to that described in Chapter 2. The functionalized 

SPE’s were cut into 1x1 cm squares, inserted into an additively manufactured/3D-printed flow cell [210] 

and sealed with an O-ring (RS Components, United Kingdom). Thermal measurements were carried out 

using the flow cell (Chapter 2, Figure 2.2) of volume 110 µL in conjunction with the heat-transfer set-up 
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which was designed in-house [233], [284]. The flow cell is connected to a copper block which acts as a 

heat sink. The temperature of this block (T1) is controlled via a Proportional-Integral-Derivative (PID) 

controller. As such, the PID parameters were set to the optimized values determined for this heat source 

of P=1, I=14, D=0.3 [253]. 

For all experiments, the flow cell was filled with PBS solution and the copper block was heated to a pre-

set temperature of 37.00 ± 0.02 °C. The cell was left to stabilise for 15 min before a first injection of PBS 

was added to act as the blank measurement. Sequential amounts of amoxicillin (1-500 nM) were injected 

into the flow cell using an automated NE500 programmable syringe pump (Prosense, Oosterhout, the 

Netherlands) at a flow rate of 250 µl min-1. Following each injection, the temperature was allowed to 

stabilise for 30 min, of which the last 10 min (600 data points) were averaged out and used to calculate the 

Rth. The calculated Rth values were used to produce dose-response curves and calculate the LoD using the 

three-sigma method. Specificity tests were carried out by injecting the same concentrations of amoxicillin 

to an electrode modified with a NIP. Selectivity studies were carried out by injecting the same 

concentration of nafcillin, an antibiotic with a similar chemical structure. 

 

4.4 Results 

4.4.1. Batch rebinding results 

First, batch rebinding experiments with MIP1-3, that have similar compositions, but differ in the functional 

monomer, were performed. The time of the experiments was fixed at 1 hr since after this time no increase 

in the binding to the MIP particles was observed. In each experiment, 5 mL of amoxicillin solutions in 

PBS (Ci = 0.5 – 1.0 mM) were added to 10 mg of the MIP particles. 

 

Table 4.2. The amount of binding for MIP and NIP at Cf = 0.5 mM. 
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The results obtained from the batch rebinding experiments are presented in Figure 4.2. It was observed 

that MIP 2, made of acrylamide (AA) as the functional monomer, exhibited a significantly higher binding 

affinity for the amoxicillin target compared to MIP 1 (based on methacrylic acid) and MIP 3 (based on 2-

vinyl pyridine). In addition to this, at a Cf value of 0.5 mM the calculated Imprint Factor (IF) for MIP 2 

was significantly higher than either of the other MIPs at 6.47, exhibiting the MIPs affinity efficiency 

compared to the corresponding NIP. The highest affinity MIP using AA as a functional monomer was 

most likely due to the nature of the functional groups on the monomer when compared to the structure of 

the target. These functional groups would allow self-assembling  of monomers around the target to form 

the non-covalent forces necessary to hold them together [251]. On the other hand, 2-vinylpyrdine lacks 

these  functional groups required for binding [285]. This further portrayed the vital nature of optimisation 

for each target, showing that each MIP synthesised for a unique purpose intrinsically needs unique 

optimisation even though the template-target interactions present in the binding may be the same as that 

of another MIP sensor developed for a different target. It was noted however that MIP 3 had a very low 

imprint factor of 0.3 at a Cf value of 0.5 mM. This raised concern as imprinted would not lower binding 

capabilities of a polymer and therefore it was assumed that target leaching had a significant effect here. 

Polymers 

 

Sb [µmol/g] 

 

Imprint factor 

Cf = 0.5 mM 

MIP1 43.86 1.3 

NIP1 35.09 

MIP 2 63.38 6.5 

NIP 2 9.8 

MIP 3 2.48 0.3 

NIP 3 8.47 
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The use of a MIP imprinted with a different target could have provided more insight as the impact of 

imprints could have been discontented. This highlights the issues raised around target leaching brought up 

in Chapter 1. 

Time dependent experiments were performed to determine the optimal time for rebinding. Readings were 

taken at 30 min, 2 hr, and 24 hr after mixing MIP with target solution, which resulted in absorbance values 

of 1.52, 1.51 and 1.47, respectively. This shows that there was no significant change over time and that 30 

min was sufficient to gain an accurate representation of batch rebinding data. Insight was also gained from 

this in respect to the equilibrium of the binding and in this case, showed that even after 24 hrs no significant 

leaching of the template from the MIP had occurred. 

Figure 4.2. Binding isotherms of the polymerised MIP/NIPs upon exposure to Amoxicillin solutions in 

PBS. MIP 1 (filled squares) and NIP 1 (hollow squares), MIP 2 (filled circles) and NIP 2 (hollow circles), 

and MIP 3 (filled triangles) and NIP 3 (hollow triangles). 
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Figure 4.3 displays the selectivity presented by MIP 2, which exhibits a higher binding affinity towards 

amoxicillin than towards nafcillin. This shows that the binding cavities in the imprinted polymer have a 

higher affinity towards their intended target even if a very similar pharmacophore is used, thus confirming 

the polymers ability to recognise the target. The NIPs have no significant difference in binding affinity as 

expected, since they do not possess the stereoselective cavities present in the MIP.  

 

Figure 4.3. Selectivity batch rebinding of MIP 2 (filled symbols) and NIP 2 (hollow symbols) with 

amoxicillin (circles) and nafcillin (squares) in PBS. 

 

The relevant concentration range of amoxicillin in water samples is in the low nanomolar range [286]. 

Therefore, it was decided to evaluate the performance of the sensor to discriminate amoxicillin from its 
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competitor molecule in the nanomolar concentration, for which it is required to use a more sensitive read-

out strategy such as HTM. 

 

4.4.2. Detection of amoxicillin using MIP microparticles  

Bulk polymerized MIPs (MIP 2) were functionalized onto SPEs (Appendix D) as explained in section 

4.2.5, fitted inside the flow cell (Chapter 2, Figure 2.2) and connected to the HTM equipment. The flow 

cell was filled with PBS and allowed to stabilise for 45 min. Then, sequential injections of the target analyte 

amoxicillin (1 – 500 nM) in PBS were started, allowing the system to equilibrate for 30 min after each 

injection. The raw data output obtained for these additions is presented in Figure 4.4 A. Specific values for 

the Rth values for each concentration of amoxicillin were calculated using the last 10 min of each 

stabilisation period. This resulted in a value and standard deviation being calculated over 600 data points. 

In PBS, the Rth of the MIP functionalized system stabilized at a value of 5.91 ± 0.05 °C/W. Upon the 

addition of 1 nM of amoxicillin the Rth increased from this baseline value to 6.06 ± 0.05 °C/W. The Rth 

value increased further until the addition of 500 nM of amoxicillin where it stabilised at a value of 6.42 ± 

0.06 °C/W. An identical experiment was performed using an SPE modified with the NIP. In this case, Rth 

of the NIP functionalized system stabilized at a value of 5.51 ± 0.06 °C/W. After the addition of 1 nM of 

amoxicillin the Rth exhibited no statistically significant deviation from the baseline value to 5.55 ± 0.06 

°C/W. The Rth value for the addition of 500 nM of amoxicillin showed a small increase due to non-specific 

binding, where it stabilised at a value of 5.61 ± 0.06 °C/W.  
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Figure 4.4. A) The raw HTM data plot of Rth versus time for the addition of amoxicillin (1 – 500 nM) in 

PBS to an SPE functionalized with bulk UV polymerized MIP (red) and NIP (black). B) Comparison 

between the absolute Rth values obtained from the HTM for a MIP functionalized SPE (red circles) and 

NIP functionalized SPE (black). 
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These Rth values were plotted against the concentration of amoxicillin injected into the system to produce 

a dose-response curve, Figure 4.4B. This was used to calculate a LoD for the bulk UV polymer system of 

1.90 nM. These results were found to exhibit a lower LoD and wider detection range than that observed 

in previous work on caffeine detection[211]. This was expected due to the limited loading of MIP when 

incorporated directly into the SPE ink in comparison to drop casting. Additionally, template bleeding is a 

problem in the use of MIP microparticles. Up to 99 % of the template is removed during the extraction 

step; however, the remaining template can cause issues when ‘leeching’ out of the polymer matrix during 

measurements giving erroneous quantification [45]. The removal of MIP over time is of considerable 

concern when using a drop casting method, therefore the direct formation of the MIP onto the electrode 

surface using UV polymerisation was investigated. 

 

4.4.3. Detection of amoxicillin using MIP thin films 

Screen-Printed Electrodes (SPE’s) were functionalized with amoxicillin MIPs via UV-Vis polymerization 

(Appendix D) as described in section 4.2.4. These MIP-modified SPEs were inserted into a flow cell 

(Chapter 2, Figure 2.2) and exposed to PBS solutions containing sequential amounts of the target analyte 

amoxicillin. The HTM raw data obtained for the addition of amoxicillin (1 – 500 nM) are presented in 

Figure 4.5 A. In PBS, the Rth of the MIP functionalized system stabilized at a value of 7.58 ± 0.05 °C/W. 

The increase in the Rth value compared to previous work [211], [253]  was expected due to the presence 

of a thicker layer of polymer present on the electrode surface, which in turn will increase the resistance to 

heat flow through the interface. Upon the addition of 1 nM of amoxicillin an increase in the absolute Rth 

value was observed from its baseline of 7.58 ± 0.05 °C/W to 7.67 ± 0.06 °C/W. The Rth increased until the 

last addition of 500 nM amoxicillin where it reached a value of 8.16 ± 0.06 °C/W and an additional 

injection of PBS produced no significant change in the Rth. This final PBS injection was vital to show that 

no loosely bound target on the surface on the polymer was affecting the observed change thermal 

resistance. An identical experiment was performed using a NIP functionalized SPE where the Rth stabilized 
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at a value of 7.59 ± 0.06 °C/W. Upon the addition of 1 nM of amoxicillin to the system there was no 

significant change to the Rth value with it remaining at 7.59 ± 0.06 °C/W. Once 500 nM of amoxicillin 

was added to the NIP modified SPE there was an increase in the Rth to 7.68 ± 0.07 °C/W. The increase in 

the Rth can be explained by some non-specific binding of the target molecule to the polymer on the surface 

of the SPE however, the increase is significantly less than observed for the MIP modified SPE. Both of 

these results were used to produce a dose-response curve (Figure 4.5 B) which shows the improved 

response of the MIP based platform and was used to calculate the LoD of 0.54 ± 0.10 nM.  
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Figure 4.5. A) The raw HTM data plot of Rth versus time for the addition of amoxicillin (1 – 500 nM) in 

PBS to an SPE functionalized with a direct UV polymerized MIP (red) and NIP (black). B) Comparison 

between the absolute Rth values obtained from the HTM for a MIP functionalized SPE (red circles) and 

NIP functionalized SPE (black). 
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The selectivity of the MIP was assessed through repeating the experiment with additions of a molecule 

with the same pharmacophore and similar size, nafcillin (1 – 500 nM). An SPE functionalized with a MIP 

via UV polymerization directly onto the surface was placed inside the flow cell (Appendix D) and attached 

to the HTM equipment. The data collected from the addition of the competitor (black) was plotted 

alongside the previous results for the addition of the target molecules (red) to MIP functionalized SPE’s. 

 

 

Figure 4.6. A) The raw HTM data plot of Rth versus time for the addition of amoxicillin (1 – 500 nM, red) 

and nafcillin (1 – 500 nM, black) in PBS to an SPE functionalized with a direct UV polymerized MIP. B) 

Comparison between the absolute Rth values obtained from the HTM for a MIP functionalized SPE with 

additions of amoxicillin (red circles) and nafcillin (black). 
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The raw data plot that was obtained is presented in Figure 4.6A (black) where there was a clear difference 

between the stabilized Rth values. This can be explained as the Type K thermocouples used in the 

experiment have a temperature error of up to 2%. The Rth value of the system in PBS stabilized at a value 

of 6.47 ± 0.05 °C/W. Upon the addition of 1 nM of nafcillin, there was no observed statistically significant 

change in the stabilized Rth value at 6.46 ± 0.05 °C/W. Once 500 nM of nafcillin had been injected into 

the flow cell an increase in the Rth was observed from the baseline level of 6.47 ± 0.05 °C/W up to 6.60 ± 

0.05 °C/W. These values, along with those obtained for the addition of the target molecule were used to 

produce dose-response curves, Figure 4.6B, showing the increase in the Rth from the baseline stabilized 

levels for both the target (red circles) and competitor (black squares). This indicated that there was some 

non-specific binding of the competitor antibiotic to the surface of the polymer. However, the increase was 

significantly lower than that observed for the injections of the target antibiotic, showing the high selectivity 

of the sensing platform. 

 

4.5 Conclusions 

MIPs for the detection of amoxicillin were synthesized using bulk UV polymerisation with the functional 

monomers methacrylic acid, acrylamide (AA) and 2-vinylpyridine. Batch rebinding experiments 

evaluated via spectroscopic methods determined that the MIPs using AA (MIP 2) as the functional 

monomer exhibited the highest recognition capability (IF=6.5) for amoxicillin. MIP 2 was successfully 

functionalized onto SPEs via two routes with each method being evaluated independently. Firstly, MIP 2 

was drop cast onto a SPE, fitted to the HTM and subjected to injections of increasing concentrations of 

amoxicillin (1 – 500 nM). An increase in the measured Rth was observed from the baseline of 5.91 ± 0.05 

°C/W to 6.42 ± 0.06 °C/W after the addition of 500 nM amoxicillin for the MIP functionalised SPE; 

whereas, the NIP functionalised exhibited an Rth of 5.52 ± 0.05 °C/W and 5.61± 0.06 °C/W for the baseline 

and 500 nM amoxicillin respectively. These results were used to construct a dose-response curve and 

calculate a LoD of 1.89 ± 1.03 nM. Secondly, MIP 2 was formed directly onto the SPE surface through 

UV polymerisation and analysis was carried out in the same manner. This methodology significantly 
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reduced the preparation time and increased the reliability of the sensor through the attachment of the 

polymer to the electrode surface. An increase in the measured Rth was observed for the addition of 

amoxicillin (1 -500 nM) to the MIP functionalised SPE from the baseline value of 7.58 ± 0.06 °C/W to 

8.16 ± 0.06 °C/W at 500 nM amoxicillin. The NIP produced a significantly smaller increase in the Rth 

from 7.59 ± 0.06 °C/W to 7.68 ± 0.07 °C/W after 500 nM amoxicillin. The dose-response curve for the 

MIP allowed for the determination of the LoD of 0.54 ± 0.1 nM which is a big improvement over the drop 

cast method. The direct UV polymerized SPE was also tested for interference from a competitive 

pharmacophore, nafcillin. This exhibited a rise in the measured Rth from of 6.47 ± 0.05 °C/W in PBS to of 

6.60 ± 0.05 °C/W after 500 nM nafcillin, showing the excellent specificity the MIP sensing platform has 

for amoxicillin. 

A full procedure of a MIP based sensor has been explained from the initial optimisation of MIP 

composition to comparison of mounting methods evaluated by thermal analysis. The developed sensor 

platform has shown the ability to detect amoxicillin at relevant concentration ranges for environmentally 

contaminated aqueous samples. Considering concentrations such as 128 µg/L have been found in hospital 

effluent [287], the sensor proposed currently could easily be used for many effluents from different 

sources. Other sensors described as having “low” LoD values in 2020, reported values of 50 nM, showing 

that the sensor developed in the current work outcompetes recent advances to a significant degree [288]. 

Molecular imprinting is versatile and by adapting the MIP, other antibiotics and pollutants can be targeted. 

The polymerisation methodology was significantly shortened in comparison to the bulk synthesis method 

and in conjunction with the thermal set-up, offers a portable, relatively fast and low-cost sensing platform 

suitable for on-site measurements. This work further demonstrates the vast range of sensing capabilities 

that MIPs are appropriate for, not only in regards to target versatility but also different sensor platforms 

they can be incorporated into.  
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Chapter 5. Electropolymerised Molecularly Imprinted Polymers for the 

Heat-Transfer Based Detection of Microorganisms: A Proof-of-Concept 

Study using Yeast  

(Published as O. Jamieson et. al., Thermal Science and Engineering Progress 

(2021) 24 100956) [261] 

 
 

5.1 Abstract   

In this chapter, MIPs were electropolymerised onto screen-printed carbon electrodes (SPCEs) to develop 

specific sensors for the thermal detection of yeast (Saccharomyces cerevisiae). A laboratory yeast strain 

free of interferents was used to optimise the polymerisation procedure, whereas yeast in a complex mixture 

(yeast for baking) was employed to produce the final sensors and demonstrated proof-of-application. Two 

different electropolymerisation methods were employed and compared, cyclic voltammetry and 

chronoamperometry respectively; the electrochemical methodology allowed for controlled deposition and 

the ability to tailor the polymer surface to the required application. Infrared spectroscopy and scanning 

electron microscopy confirmed that the methods led to different structures; with cyclic voltammetry a high 

surface area was achieved, whereas for chronoamperometry a dense film was formed. Subsequently, these 

functionalised electrodes were inserted into a home-made thermal device that can measure the selective 

binding of yeast cells to the MIP layer via monitoring the thermal resistance (Rth) at the solid–liquid 

interface.  

This study demonstrated that MIP-functionalised electrodes produced, according to both methods, a 

significant response in thermal signal for the MIP-functionalised electrode, which was not the case for the 

reference Non-Imprinted Polymer (NIP)-functionalised electrode. This demonstrated that thermal analysis 

can be employed for the detection of yeast, even in a complex sample such as food or during the brewing 
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of beer. To the best knowledge, this is the first report of MIPs electropolymerised onto screen-printed 

electrodes for the thermal detection of fungi.  

The proposed approach enables the fast production of low-cost electrodes using a simple manufacturing 

procedure compatible with a portable device, implying high commercial potential. In the future, this could 

be adapted to a broad range of microorganisms including bacteria. This would allow for direct monitoring 

of AMR bacteria and aid the AMR crisis and give rise to faster, more specialised treatment of infection.  

 

5.2 Introduction  

Previously, the detection of small molecules has been discussed. Here an example of MIPs employed as 

recognition elements for the detection of cells (yeast cells) is explored. A proof-of-concept study showing 

scope for the detection of cells with this technology would open the future possibility that the platform 

could be used for in situ detection of AMR pathogens, a much more direct route to reducing the accelerated 

rise in AMR.  Microbiological contamination presents huge concerns in a wide variety of sectors 

throughout the world, such as in food and drink [289], [290], sports [291], medicine [292] and even the 

construction industry [293]. Contamination of food and drink products specifically presents significant 

concerns for both health and economic reason [294]. Even in developed economies foodborne illness is 

commonplace, with an estimated one third of populations suffering from a type of foodborne illness 

annually[295]. The quality and safety of food is best preserved by delaying the growth of specific bacteria 

or by reducing contamination by bacterial pathogens; therefore, rapid detection and removal of infected 

foodstuff is vital [296]. Microbiological techniques, analytical antibody assays and nucleic acid-based 

assays (such as the polymerise chain reaction (PCR) assays) make up the majority of current detection 

methods for microorganism [297]. All these methodologies require time-consuming preparation, 

procedures and/or measurement protocols, thus, development of a fast, reliable, on-site sensor platform for 

the recognition of microorganisms is of high interest to the analytical community. Antibodies are 

commonly used as a recognition element in sensor development due to the specific recognition between 

the antibody and the target antigen, which can be released by, (e.g. virulence factors) or is present on the 
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surface of the microorganism [298], [299]. However, antibody-based sensors have associated issues such 

as high cost, high batch-to-batch variation, limited stability, and the fact that some antibodies still require 

animals for production leading to concerns about the ethicalness of their use [300]–[302]. 

An alternative recognition element that could be used to overcome these issues whilst maintaining 

satisfactory detection limits would be beneficial to future sensor development. MIPs, which can easily be 

integrated into a portable sensor platform, have gained significant interest as biomimetic recognition 

elements capable of replacing antibodies due to their high affinity, low production cost and superior 

chemical and thermal stability [303]–[305]. They can be produced using a wide range of monomers and 

synthetic methodologies, leading to a vast array of sensitive and selective recognition elements [306], 

[307]. They have been shown to produce highly specific sensing platforms in conjunction with optical 

[308], electrochemical [212] and thermal [309] detection methodologies. Due to their synthetic 

production, these polymers also provide an ethical solution that can be applied to a wider range of targets 

than antibodies due to their intrinsically high level of versatility. Thermal detection strategies have been 

relatively unexplored; when simply measuring the temperature such as with thermistors, it is difficult to 

require the level of specificity required for biomarker sensing. However, there has been promise in using 

the Heat-Transfer Method (HTM) which detection principle is based on measuring changes in heat 

transfer at the solid-liquid interface due to its low-cost, fast analysis, and ability to measure different 

markers by changing the functionalised interface. MIPs can be combined with the HTM as a read-out 

technique and have been shown to produce sensor platforms suitable for the detection of small molecules 

[211] and proteins [233], [253], as well as for the monitoring of the growth of microorganisms such as 

yeast and Staphylococcus aureus in various media [310]. The selective detection of the presence of yeast 

cells has been reported previously using surface imprinted polymers (SIPs) combined with HTM [311], 

[312]. In this chapter, the use of electropolymerisation was explored which significantly reduces the 

manufacturing process of the biosensor, in addition to forming the MIP layer directly onto the surface of 

the transducer [208]. There have been multiple reports on conductive and non-conductive MIPs for various 

transducers including glassy carbon electrodes (GCE) [313]–[315], gold [316]–[318] and screen-printed 
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carbon electrodes (SPCE).[319]–[321]. The latter are attractive options due to the ability to mass produce 

such sensors, in addition to their reliability, flexibility and low-cost [281], [322]. Previously, it has been 

shown that SPCEs can be used as substrates for the deposition of MIP particles for the detection of 

antibiotics [213] or have the MIP microparticles directly incorporated into the screen-printing ink [210]. 

As such, in this chapter, a proof-of-concept study is presented that displays MIPs generated directly onto 

SPCE substrates using electropolymerisation for the detection of microorganisms, in this case yeast, using 

the HTM. Due to the low-cost and reproducible nature of the SPCEs, there is scope to use them as 

disposable sensors in the future for screening of contaminants in the food and water industry.  

 

5.3 Experimental 

 

5.3.1 Reagents  

To optimise the synthesis procedure, I worked with Saccharomyces cerevisiae laboratory strain DLY640 

originating from the Rothstein lab [323], [324] which has the advantages of not containing interferents 

such as sorbitan monostereate and ascorbic acid that are present in commercial baker’s yeast. These 

compounds significantly interfere with analysis and mask the yeast and/or polymer signal. Therefore, a 

“pure” laboratory strain was used to optimise the synthesis procedure and enabling analysis with infrared 

(IR) spectroscopy and scanning electron microscopy (SEM). For each experiment, a fresh yeast colony 

was grown from a yeast extract peptone dextrose (YEPD) agar plate in 250 mL of YEPD broth until an 

optical density (OD) of at least 1.4 at 660 nm was reached. The optical density for cell concentration was 

determined by UV-vis analysis which was carried out on a Jenway 7205 UV-visible 72 Series Diode 

Array Scanning Spectrophotometer (UK). Allinson’s Easy Bake Yeast (UK), containing Saccharomyces 

cerevisiae (7 g per sachet), sorbitan monostearate as emulsifier, and ascorbic acid as flour treatment agent, 

was used for all thermal analysis experiments to evaluate yeast detection in a complex sample such as 

food. Suspensions of yeast were prepared in sterile deionised water solutions, where the concentration was 

estimated using the optical density at 660 nm [325].  
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 An optimal profilometer (Omniscan, UK) which uses a MicroXAM (phase shift) surface mapping 

microscope with an ADE phase shift (XYZ 4400 mL system) and an AD phase shift controller (Omniscan, 

UK) was used to determine layer thickness. This system was coupled to image analysis software Mapview 

AE (Omniscan, UK).  

SPCEs were produced according to a well-known procedure described in [281]. Carbon-graphite ink 

formulation (Product Code: C2000802P2; Gwent Electronic Materials Ltd, UK) was printed onto a 

standard polyester substrate and cured at 60 °C for 30 min, followed by a dielectric layer (Product Code: 

D2070423D5; Gwent Electronic Materials Ltd., Pontypool, United Kingdom) to cover the connections, 

which was also cured at 60 °C for 30 min. The pyrrole was sourced from Acros Organics (Loughborough, 

UK), the yeast extract, peptone bacteriological agar bacteriological (AgarNO.1), D (+)-glucose and 

glycerol were all obtained from Fisher Scientific (Basingstoke, UK), while the adenine sulfate was 

purchased from Alfa Aesar (Heysham, United Kingdom). All other chemicals mentioned were acquired 

from Sigma Aldrich (Gillingham, UK). All experiments were carried out at 21 ± 1 C (ambient 

temperature) unless noted differently. For polymerisation, a modified PBS solution (pH=2) was used to 

ensure a constant iconic strength was maintained for all experiments. All other experiments were carried 

out in deionised water. 

 

5.3.2 MIP and NIP syntheses  

MIPs and NIPs were produced by electrodeposition. A solution of pyrrole (1 mM) in a phosphate buffered 

saline solution at pH = 2 was prepared as follows: 4 g of NaCl, 0.1225 g of KCl, 0.72 g of Na2HPO4 and 

0.12 g of KH2PO4 were dissolved in 25 mL of deionised water (resistivity 18.2 MΩ cm).  The solution 

was then acidified to pH 2 via the addition of dilute HCl. 

Yeast cells were re-suspended in 2 mL of this solution to the density of approximately 5.0 x106 colony 

forming units (CFU) / mL [326]. For the “real” yeast sample, powder from Allinson’s Easy Bake Yeast 

was suspended into deionised water solutions and the suspension density was determined 

spectrophotometrically as described in chapter 5.2.1. As the yeast was specialised for use in the culinary 
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sector, it had other additives to enhance its performance. The inclusion of these additives complicates 

determination of the yeast cell concentration. Prior to using the Saccharomyces cerevisiae laboratory strain 

DLY640, it was recovered from cryo-storage on a YEPD plate. Then a single colony was re-suspended in 

250 mL of YEPD broth and grown at 23.00 ± 0.05 °C (for approx. 48 h) to an optical density of at least 

1.4 at 660 nm. After growth, the yeast cells were washed 3 times with fresh YEPD, aliquoted into 2 mL 

samples containing 20% of glycerol which serves as a cryo-protector and stored at -80 °C.  

All electrochemical experiments were performed using a three-electrode set up controlled by a PalmSens4 

Potentiostat (Netherlands), where the working electrode was an SPCE (diameter = 3.1 mm), counter 

electrode was a nickel wire and the reference was an external Ag|AgCl reference electrode. The procedures 

were all performed at 21 ± 1 °C in solutions made with deionised water (resistivity no less than 18 MΩ 

cm). The SPCE was placed in the acidified pyrrole PBS solution and polymerised according to two 

electrochemical methods. The first method was cyclic voltammetry, where the electrodes were placed in 

solution and cycled from – 0.2 V to + 1.2 V at 0.1 V s-1 for 10 scans. The second method was 

chronoamperometry, where the potential was set to + 0.98 V and maintained for 100 sec for 

polymerisation.  

The polymerised SPCEs were placed under running hot water to remove yeast cells from the polymer 

complex, SEM analysis was carried out to confirm this method of extraction was sufficient (see Appendix 

E). SEM measurements were recorded on a Supra 40VP Field Emission from Carl Zeiss Ltd. (Cambridge, 

UK) with an average vacuum chamber of 1.3 × 10-5 mbar and average gun vacuum of 1 × 10-9 mbar. To 

enhance the contrast of these images, a thin layer of Au/Pd (8 V, 30 s) was sputtered onto the electrodes 

with a SCP7640 from Polaron (Hertfordshire, UK). Furthermore, references (Non-Imprinted Polymers) 

were prepared in a similar manner except there was no addition of yeast to the pyrrole solution in PBS. 

Diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) was conducted to monitor 

polymerisation over time; the high roughness and dark colour of the electrode surfaces made them suitable 

for DRIFTS. A Thermo-Nicolet Nexus FTIR (DTGS detector), fitted with a Spectra-Tech DRIFTS cell 

(equivalent to the current Thermo-Fisher Scientific Collector™ II Diffuse Reflectance Accessory) was 
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used for this analysis. Spectra were made up of 164 scans with resolution set to 4 cm-1. The thickness of 

the polymerised film (a measure of the extent of pyrrole polymerisation) on the electrode was proportional 

to the absorbance of the N-H stretching band at 1600 cm-1. 

 

5.3.3 HTM measurements of yeast with MIP-modified SPEs  

The MIPs polymerised onto SPEs (MIP-modified SPEs) were cut into squares (1 cm2) around the working 

electrode. These were pressed onto a copper block and mounted into a 3D printed flow cell with an inner 

volume of 110 µL that was designed in house, where a glass slide of the same size was used to create a 

seal. HTM analysis was carried out to a similar manner stated in Chapter 2. The flow cell was sealed off 

with an O-ring and connected to the HTM set up that is described by van Grinsven et al. [284]. The copper 

block, which serves as a heat sink, is actively steered with a Proportional-Integral-Derivative (PID) 

controller. PID parameters can significantly affect the response recorded and therefore were kept at 

constant, optimised values of P=1, I=14, D=0.3 [253]. 

 

Previous research has shown that changes at the solid-liquid interface result in a change in Rth. In the case 

of MIPs, the “pore blocking model” [327] demonstrates how binding of the target to the cavities in the 

polymer leads to an increase in Rth. All experiments were conducted at 37 ± 0.02 ºC, except for one 

experiment carried out at 50.00 ± 0.02 ℃ to determine if higher temperatures increase binding to the 

surface (Appendix F). However, no significant change in the measured Rth was found which could be due 

to disintegration of the yeast at elevated temperatures [326]. 

 

The MIP-modified SPE were stabilised in PBS for at least 45 min after which a second injection of PBS 

was performed to establish a stable baseline.  Subsequently, at 30 min intervals, suspensions of increasing 

yeast concentrations (1.0x102, 1.0x103, 1.0x104, 1.0x105, 1.0x106 and 1.0x107 CFU/mL) in deionised 

water were added into the flow cell with an automated NE500 programmable syringe pump (Prosense, 

Oosterhout, the Netherlands). The solutions were injected at intervals of 30 min, with an injection volume 
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of 3 mL being injected with a flow rate of 1.975 mm/min. The thermal resistance was monitored over time 

and determined at each concentration. This was used to construct dose-response curves, where the limit of 

detection was calculated using the three-sigma method in the linear range of the sensor. To establish the 

specificity of the sensor platform, identical measurements were performed with NIP-modified SPEs. 

  

5.4 Results 

5.4.1 IR and SEM analyses to determine surface structure of MIP-modified SPEs  

Firstly, the formation and deposition of polypyrrole (PPy) on the surface of the electrode material was 

investigated. The substrate of choice for the final sensor platform was a SPCE; however, this substrate is 

notoriously difficult to analyse due to its large, rough surface area and high absorbance. Therefore, to 

analyse the initial deposition technique, it was first performed using a gold substrate. PPy layers were 

formed on this substrate using chronoamperometry for different periods of time (0, 30, 60 and 120 s) to 

monitor the growth of the polymer layer. This was achieved by placing the electrode in the solution 

specified above and held at + 0.98 V vs. Ag|AgCl for the specified amount of time. The FTIR spectra for 

the different polymerisation times is presented in Figure 5.1 A, where the increase in the peak at 1600 cm-

1, corresponding to N-H stretching, confirmed an increase in the amount of PPy on the surface of the 

electrode. The IR absorption bands of the electrode composition (e.g. the ester carbonyl stretch of the 

binder at ca. 1730 cm-1) were unaffected by the PPy [327]. As expected, the longer the system was 

subjected to the potential, the thicker the layer of PPy formed on the surface as seen by the increase in 

absorbance of the peak. 
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Figure 5.1. A) FTIR result showing the generation of PPy on the surface of the electrode. B) White light 

profilometry of the PPy layer generated on the surface of the electrode. 

 

To obtain an estimate for the thickness of the layer of PPy, an Au electrode was coated with PPy and 

placed under a White Light Profilometer (Figure 5.1B). While the binding kinetics for Au electrodes and 

SPCEs are different, this provided an indication of the layer thickness which is needed to bind the microbial 

cells but not too high, so it hampers mass transfer.  

As can be seen, the layer was non-uniform, manifesting a rough texture and an estimated thickness 

between 1.5 – 3 µm. It is reasonable to assume that the thickness of the layer deposited on an SPE would 

be thinner than this due to the slower electrode kinetics [328]. Yeast cells typically range from 5 – 10 

microns in size [329], therefore a slightly longer deposition time of 100 s was chosen for sensing 
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experiments. This would allow for the formation of cavities roughly 50 % of the size of the yeast cells, 

suggesting that they would not be fully covered by polymer. It was important to keep the polymer layer as 

thin as possible, whilst still offering binding sites for yeast that were deep enough for the yeast to bind to 

through both size, shape and functionality. Therefore, both cyclic voltametric and chronoamperometric 

deposition methodologies were performed and compared, Figure 5.2.  

 

 

 

Figure 5.2. A) Cyclic voltammograms for the formation of PPy on the surface of the SPCE performed at 

100 mV s-1. B) SEM image for the formation of PPy patches on the surface of the SPCE using cyclic 

voltammetry. C) Chronoamperommogram for the formation of a PPy layer on the surface of an SPCE at 

+ 0.98 V vs Ag|AgCl for 100 s. D) SEM image for the formation of a PPy layer on the surface of an SPCE 

using chronoamperometry. 
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As can be seen in Figure 5.2, both exhibit the typical rough surface of SPEs, due to the graphite flakes. 

However, there were significant differences observed in the polymeric coverage when using cyclic 

voltammetry (CV) and chronoamperometry (CA). When using CV, Figure 5.2 A, the formation of PPy 

on the surface begins following the oxidation of the pyrrole monomer on the first scan. The formation of 

PPy can be tracked by following the decrease in the current on the oxidation scan due to the polymerisation 

of monomeric pyrrole into polypyrrole. This was confirmed via SEM, Figure 5.2 B, where patches of 

polymer can be seen although there is not a uniform coverage across the SPE surface. In comparison, 

when using CA, Figure 5.2 C, a greater coverage of polymer was observed on the surface, Figure 5.2 D. 

This was expected as while CA is run, polymer was continuously formed since it is at the oxidation 

potential; however, when CV was used the polymer was only formed when the potential was raised above 

the required oxidation potential of the monomer [330]. Both of these polymer systems were subsequently 

used for the detection of yeast cells.  

 

5.4.2 Thermal resistance measurements for yeast using MIP-modified SPCEs  

HTM allows for the monitoring of changes occurring at the solid-liquid interface through the change in 

measured thermal resistance. As such, PPy formed via both CV and CA imprinted with yeast cells was 

electrochemically deposited on the surface of SPCEs as described above; after which, the yeast cells were 

removed leaving specific associated cavities. SPCEs were chosen as the substrate for these sensing 

experiments as they offer ease of preparation for the MIPs due to the inclusion of counter and reference 

electrode in addition to a significant reduction in cost compared to other commonly used electrodes such 

as gold and glassy carbon. The functionalised SPCEs were then inserted into the flow cell presented in 

Figure 5.3 A and sealed with a rubber O-ring and copper block. The copper block temperature was set to 

37 ± 0.02 °C, in line with previous studies on proteins and real-time monitoring of organisms [253], [310]. 

To demonstrate proof-of-concept, a MIP-modified electrode produced with Saccharomyces cerevisiae 

laboratory strain DLY640 was measured (Figure 5.4). The electrode was stabilised in a buffered solution 

after which a suspension of Saccharomyces cerevisiae in PBS (1.0x107 CFU/mL) was added. A sharp 
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increase in the thermal resistance was observed, which was due to binding of the yeast cells on the surface. 

Washing with the buffered solution did not change the signal, indicating that the yeast cells were firmly 

bound into cavities.  

 

 

Figure 5.3. A) Schematic diagram of the flow cell used throughout the thermal measurements in this work, 

comprising of a single thermocouple inserted into a main chamber with a flow inlet and outlet. B) HTM 

raw data plot of the measured Rth versus the time for sequential additions of yeast cells to a MIP-coated 

SPCE produced using CV. C) Plot of the change in measured Rth against the concentration of added yeast 

cells to a HTM set-up with both a MIP and NIP coated SPE. 

 

Subsequently, I moved towards the yeast in a complex sample to further evaluate the specificity of the 

sensor platform. Initially, comparisons in the sensing proficiency for both the CV and CA MIPs were 

explored. The same procedure was used for both systems. A blank solution of deionised water was injected 
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to fill the flow cell, and the system allowed to reach a stable temperature for 45 min. The baseline Rth 

value was calculated from the average of the final 600 data points (10 min) prior to the injection of the first 

concentration of yeast cells. Following this 3 mL of the lowest concentration of yeast cells (102 CFU/mL) 

was injected into the flow cell, indicated by the sharp vertical line in the raw data plots in Figure 5.3. This 

sharp increase in the Rth was due to the injection of room temperature liquid (~20 °C) into the system at 

37 °C. After the injection was completed, the Rth was left to stabilise for 30 min before the next injection 

of analyte, thus facilitating calculation of the Rth from the last 600 data points of each stabilisation period.  

 

Figure 5.4. A MIP-modified electrode (prepared with laboratory strain of yeast) was mounted into the 

HTM set up and stabilised in a standard PBS solution (pH=7.4). While there is some minor drift in the 

signal, addition of a suspension of yeast (1.0×107 CFU/mL) in PBS led to a significant increase in the 

thermal resistance due to binding of yeast in the activities on the surface. This provided proof-of-concept 

and in following experiments, yeast from a complex mixture was considered. 

 

For the CV based MIP the baseline stabilised at a value of calculated to be 5.20 ± 0.03 °C/W. After the 

addition of yeast cells (102 CFU/mL) the measured Rth increased to 5.24 ± 0.03 °C/W. It continued to rise 
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after further additions of yeast cells in higher concentrations, which was attributed to the binding of yeast 

cells to the MIP layer on the SPE surface, making transfer of heat across the interface polymer/solution 

more difficult. For the final addition of yeast to the system, the Rth reached 5.61 ± 0.03 °C/W which 

represented an overall increase of 8 ± 1 %. Then, the system was injected with a blank solution of DI water 

and no significant increase was found in the measured Rth (5.62 ± 0.03 °C/W). This indicated that the 

change in the Rth was due to the presence of yeast cells binding to the MIP layer on the SPE and that 

washing with water did not cause a significant amount of yeast cells to be removed. An image obtained 

with the white light profilometer is shown in Figure 5.5, demonstrating the presence of yeast on the surface 

after HTM measurements with a MIP-modified electrode. 

In contrast to this, the NIP-modified electrode showed little changes in the measured Rth for any injection 

of yeast into the flow cell, Figure 5.3C, up to 106 CFU/mL. This indicated that the binding of yeast cells 

to the electrode surface was specific for the MIP platform and did not rely on non-specific adsorption to 

the polymer surface.  

 

 

Figure 5.5. Measurements with the white light profilometer of a MIP-modified electrode after HTM 

measurements confirmed the presence of yeast on the surface. 
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In comparison to the CV prepared platform, when CA was used the baseline stabilised at a value of 6.49 

± 0.03 °C/W, which was a higher value than was observed for CV based MIPs. This was expected due to 

the thicker, more uniform coverage of polymer across the SPCE surface increasing the resistance to heat-

transfer across the system. For the MIP, there was an increase in the Rth for every addition of increased 

concentration of yeast until the final addition of 107 CFU/mL where the Rth stabilised at a value of 6.87 ± 

0.04 °C/W. In the case of the NIP, there was an initial rise in the measured Rth; however, this then reduced 

back to the baseline level.  

 

 

Figure 5.6. A) Plot of the percentage change in the measured Rth against the concentration of added yeast 

cells to a HTM set-up with both a MIP and NIP coated SPCE using chronoamperometry. B) Plot 

comparing the percentage change in Rth for the MIP platforms produced by chronoamperometry and 

cyclic voltammetry. Error bars relate to the standard deviation of the experiment. 

 

Both the CV and CA production methods produced a system capable of detecting the presence of yeast in 

the system when the MIP was present and showed minimal or no response when the NIP was present. 

The CV produced system exhibited a higher specificity between MIP and NIP, where the LoD was 

determined at the three-sigma method. For the system with CV, a LoD was determined of 101.25 ± 0.09 

CFU/mL, whereas this compared to a LoD of 101.12 ± 0.07 CFU/mL for CA, which are well below the 

concentrations found in the brewing process of ~ 104-106 CFU/mL [331]. The data in Figure 5.6B confirm 

that at low concentrations the response is similar whereas the polymers produced using CV have higher 
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response at higher concentration, suggesting a higher binding capacity. This could be due to higher surface 

area of the electrodes produced in this manner, although for detection of macromolecules it would 

normally be preferred to have a dense layer covering the surface to minimise non-specific binding by 

similar microorganisms or interferents from the matrix structure. In the future, more work on 

understanding the surface structure of electropolymerised MIPs is needed to understand how it impacts on 

the specificity and selectivity of binding of macromolecules. 

 

 

5.4 Conclusions  

This chapter has demonstrated the extrapolation of the knowledge acquired and developed throughout this 

thesis on imprinted polymers to the detection of yeast cells at a commercially accurate standard. MIPs, 

along with reference NIPs, for the detection of yeast were deposited onto SPCEs using cyclic voltammetry 

and chronoamperometry. To optimise the synthesis procedure, MIPs were prepared using a 

Saccharomyces cerevisiae laboratory strain DLY640 which is free from interferents, allowing to study the 

layer thickness and surface structure by using IR and SEM analysis. It was shown that with cyclic 

voltammetry a “patch-type” structure was formed, with polymer mainly forming around the ridges of the 

SPCEs. In contrast, if CA was used, a thick homogeneous coating was formed with an estimated layer 

thickness of several microns, which is sufficient to incorporate the yeast cells. SPCEs coated with both 

methods were mounted into a home-made thermal device, where the response of the thermal signal was 

used to monitor binding of yeast from a commercial baker’s yeast sample (Allinson’s Easy Bake) to 

demonstrate proof-of-concept. A significant response in the thermal resistance was observed from the 

MIP, contrary to reference NIP electrodes, demonstrating the change in signal was due to selective binding 

of yeast in the imprinted cavities. Electrodeposition of MIPs onto the SPCEs led to sensors with similar 

levels of detection attained; however, the polymers produced using CA had a higher binding capacity. 

These levels of detection are within the relevant range in the brewing industry, suitable for in-situ 

monitoring in fermenters, or to determine the yeast presence in food samples [332]. The advantage of the 
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method proposed in this project is that it is fast, low-cost, and portable, providing it with high commercial 

potential, and demonstrating that analysis of heat-transfer analysis can play a vital role in the biosensor 

community. Due to the versatility of the molecular imprinting technology, in the future this can be 

expanded to other relevant objects such as macromolecules, bacteria and eukaryotic cells which will open 

many other applications beyond the food industry. This chapter shows a second example of a possible 

extension to the detection platform developed in Chapter 3. If the dual detection platform could be 

extended from small molecules to a target such as yeast, a target which is much more complex and larger 

in size (as this chapter shows can be achieved), then full cells could be detected simultaneously via HTM 

and optical detection. This work provides the first step into specialised cell detection which could be 

applied to AMR bacterial cells through further optimisation and development. This would provide another 

pathway to aid the AMR crisis; not only detecting small molecules to combat antibiotic pressure but 

directly detecting resistant bacteria cells which could have significant implications in the healthcare 

service. 
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Chapter 6. General Conclusions and Outlook   

 

Contained within this chapter is a summary of the work carried out and the results contained in this thesis 

with the aim to provide and explain future workings and the expected scope of the work detailed within. 

Conclusions and comments will be made with respect to the five primary objectives of the work detailed 

in Chapter 1. 

1. Optimise a MIP composition that is appropriate for Fluorescent and thermal analysis utilising a 

fluorescent monomer that is less sensitive to pH changes than has been previously reported. 

2. Devise an appropriate means of fluorescent analysis that is compatible with thermal analysis 

3. Survey the validity of a dual sensor platform incorporating both a thermal and fluorescent read 

out.  

4. Investigate the polymerisation process in terms of possible sensor platform expansion and 

methodology to maximise the versatility and applications of the sensor produced.  

5. Extrapolate the use of MIP based sensors from small molecule targets to much larger targets such 

as full cells (e.g. yeast cells) in a proof of concept study to demonstrate future ability for application 

to direct AMR bacteria detection.  

The work detailed within this thesis has been aid significantly by academic collaborations detailed in Table 

6.1. the work produced has resulted in the conference contributions and contribution to scientific journals 

as listed below.  

 

6.1 Conference contributions- 

Oral (in person)- “Development of a polymer based optical identification system for the detection of 

pharmaceuticals in water systems”, Water Treatment Symposium, Manchester, 2019 
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Oral (in person)- “Development of a polymer based optical identification system for the detection of 

antibiotics in water systems”, Graduate Student Symposium on Molecular Imprinting, Berlin, 2019 

Oral (in person)- “Antibiotic detection platform utilising fluorescent Molecularly Imprinted Polymers”, 

UK-Russia Bioinspired Materials Conference, Lancaster, 2020 

Oral (virtual)- “Development of a polymer-based detection platform for antibiotics in water system”, 

Newcastle University PGR annual symposium, Newcastle, 2020 

Oral (virtual)- “Development of a polymer-based detection platform for antibiotics in water system”, 

Macro 2020+, Korea, 2021 

Oral (virtual)- “Development of a polymer-based detection platform for antibiotics in water system”, 

Antimicrobial and Biosensing Nanotechnologies, Kazakhstan, 2021 

Oral- “Development of a polymer-based detection platform for antibiotics in water system”, Newcastle 

University PGR annual symposium, Newcastle, 2021 

 

6.2 Scientific journal contribution- 

1. A. Hudson, R. Sola Mestres, J. T. Ueta, W. Battell, O. Jamieson: Investigation, T. Dunbar, B. 

Macia,M. Peeters, accepted in Biomimetics, 2019, article 420507  

2. O. Jamieson: Conceptualisation, Methodology, Investigation, writing- original draft, writing- 

review and editing, Visualisation, Formal analysis, reagents, Data curation, Project administration, 

T. C. C. Soares, B. A. de Faria, A. Hudson, F. Mecozzi, S. J. Rowley-Neale, C. E. Banks, J. Gruber, K. 

Novakovic, M. Peeters and R. D. Crapnell, accepted in Chemosensors, 2020, 

https://doi.org/10.3390/chemosensors8010005 

3. O. Jamieson: Conceptualisation, Methodology, Investigation, writing- original draft, writing- 

review and editing, Visualisation, Formal analysis, reagents, Data curation, Project administration, 

K. Betlem, N. Mansouri, R. D. Crapnell, F. S. Vieira, A. Hudson, C. E. Banks, C. M. Liauw, J. Gruber, 

M. Zubko, K. A. Whitehead and M. Peeters, accepted in Physica Status Solidi a, 2021, DOI: 

10.1002/pssa.202100021 

https://doi.org/10.3390/chemosensors8010005
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4. O. Jamieson: Conceptualisation, Investigation, writing- original draft, writing- review and 

editing, Visualisation, et. al, accepted in Thermal Science and Engineering Progress, 2021, 

https://doi.org/10.1016/j.tsep.2021.100956 

5. A. Hudson, O. Jamieson: Methodology, Investigation, Writing- Origional draft, Writing- review 

and editing, R. Crapnell, K. Rurack, T. Soares, F. Mecozzi, A. Laude, J. Gruber, K. Novakovic, M. 

Peeters, Materials Advances, DOI: 10.1039/D1MA00192B 

6. P. Singla, S. Garg, J. McClements, O. Jamieson: writing- review and editing, M. Peeters, R. Kumar 

Mahajan, accepted in Advances in Colloid and Interface Science, 2022, 

https://doi.org/10.1016/j.cis.2021.102563 

7. L.F. Figueiredo, F. S. Vieira, O. Jamieson: Conceptualization, Methodology, writing- review and 

editing, J. Reeder, T. McLean, J. Olsen, R. D. Crapnell, M. J. Whittingham, C. E. Banks, R. Law, J. 

Gruber, M. Peeters, accepted in Microchimica Acta, 2022,  

8. Planned paper currently in writing- O. Jamieson: Conceptualisation, Methodology, Investigation, 

writing- original draft, writing- review and editing, Visualisation, Formal analysis, reagents, Data 

curation, Project administration, A. Hudson, K. Rurak, J. Saczek, K. Novakovic, M. Davies, E. Foster, 

M. Peeter, planned journal- Materials Advances 2022, 

9. Planned paper currently in writing- O. Jamieson: Conceptualisation, Methodology, Investigation, 

writing- original draft, writing- review and editing, Visualisation, Formal analysis, reagents, Data 

curation, Project administration, W. Battell, M. Schmidt Silva, J. McClements, K. Novakovic, M. 

Peeters, Analytical and Bioanalytical Chemistry, 2022 

 

 Table 6. 1 Listed research exchanges 

Period University Description  

08/2019-01/2022 BAM Bundesanstalt für 

Materialforschung und -prüfung 

(Germany) 

Collaboration on fluorescent 

MIP composition aiding in 

publication no. 5 and Chapter 3. 

https://doi.org/10.1016/j.tsep.2021.100956
https://doi.org/10.1016/j.cis.2021.102563
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10/2018-08/2021 Manchester Metropolitan 

University (UK) 

Collaboration on MIP analysis 

and knowledge transfer aiding in 

publication no. 1,2,3,4,5,7 

08/2019-01/2022 University of Bath (UK) Collaboration for computer 

modelling for template-

monomer interactions and 

knowledge transfer resulting in 

publication no. 1,3 

11/2019-01/2022 Universidade de São Paulo 

(Brazil) 

Continuous knowledge transfer 

and supervision of several 

student contributing to 

publication no. 1,2,4,5,7 

 

6.3 Overview of contribution to knowledge 

To explore the versatility of MIPs, MIP modified SPEs for the detection of amoxicillin were developed. 

Careful monomer selection was carried out and solvent choice was evaluated to be compatible with the 

SPEs. A MIP was produced with an IF of 6.5, which demonstrated high levels of specificity. This was 

hypothesised to be due to the acrylamide and the template forming more significant of interactions such 

as hydrogen bonds, than the other two monomers tested: 2-vinylpyridine and methacrylic acid .  Two 

production methods were carried out, firstly by the bulk polymerisation of a MIP which was then deposited 

on top of the SPE by drop casting. Secondly, direct polymerisation on SPE electrode was carried out via 

electrochemical means in the presence of pyrrole, with both versions of MIP modified SPE analysed via 

thermal analysis while introducing increasing concentrations of amoxicillin and nafcillin. Both systems 

showed significant response (5.91 ± 0.05 °C/W to 6.42 ± 0.06 °C/W against that of the NIP- 5.52 ± 0.05 

°C/W and 5.61± 0.06 °C/ 5.52 ± 0.05 °C/W and 5.61± 0.06 °C/W for the baseline for the baseline when 

exposed to 500 nM amoxicillin solution in PBS) with each increasing concentration of both solutions. 
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Although there was binding of both compounds to the MIP, there was an elevated response when binding 

to amoxicillin. Both molecules have a very similar structure, both sharing the same pharmacophore. Due 

to the elevated response to the desire target, amoxicillin, it was deduced that the MIP produced, for both 

production methodologies, have a significant level of selectivity. It was evident from the results gathered 

that the MIP modified SPE that was produced via the direct polymerisation method had elevated binding 

capabilities over that of the first method, in terms of both specificity and selectivity. Through this work it 

was explained how MIP versatility is not limited to the targets it can detect but also to the various types of 

platforms in can be incarnated into to.   

 

A significant reason for embracing MIP use is their target versatility. The work carried out in Chapters 

3&4 have given insight into how MIPs can detect small molecules at commercially relevant 

concentrations to combat the rise of AMR bacteria via pinpointing sources of contamination. Another 

route for aiding combatting AMR is by the direct detection of resistant pathogens. To highlight the 

capabilities of MIPs and how they can alleviate the issue of AMR growth, Chapter 5 focused on a proof-

of-concept study on detection of yeast cells. MIP modified SPEs were produced utilising pyrrole, an 

electroactive monomer. The polymerisation was carried out via electrodeposition, similar to procedures 

described in Chapter 4. Thermal analysis was performed on the SPEs with increasing concentrations of 

yeast solution. The yeast solution used was from a baker’s yeast product which contained additives, 

therefore allowing to draw conclusions about the sensor capabilities in complex media.  The MIP modified 

SPE showed elevated response with each increasing concentration of yeast containing solution showing 

clear indication of its ability to detect cells as targets, not just small molecules. To the best knowledge, this 

is the first report of MIPs electropolymerised onto screen-printed electrodes for the thermal detection of 

fungi. Although there are dramatic difference between yeast and AMR cells, one being prokaryotic and 

the other eukaryotic, it was still an advancement in the versatility of the sensor away from primary use in 

small molecule detection. This work allowed speculation towards detecting AMR bacterial cells and with 
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slight adaptions and optimisation its plausible to suggest the system developed could be extrapolated to 

sensing such cells in the near future.   

 

Thermal analysis was utilised for the majority of the work in this thesis. A crucial aspect of the work 

undertaken was for the development of a MIP composition that could be used for fluorescent analysis as 

well as thermal. MIP compositions were devised incorporating a fluorescent moiety which were then 

evaluated via optical batch rebinding experiments. MIP A and MIP T saw IF of 3.8 and 1.8 respectively. 

Although MIP A had a higher IF value, MIP T was used for later fluorescent analysis due to the lower 

quantum yield of tetracycline which would cause less interference with the analysis. Initial fluorescent 

assays were carried out to examine fluorescent MIP suspensions in PBS via a UV-VIS spectrophotometer 

BMG LABTECH, FLUOstar Omega Microplate Reader. After this initial analysis, it was concluded that, 

due to particulate settlement within the suspension and a lack of a scrupulous view on what was happening 

on the polymer surface in regard to fluorescent signal, this means of monitoring the MIPs fluorescence 

was not completely appropriate. This prompted a change to the MIP production and analytic device to 

MIP modified glass electrode analysed via an inverted fluorescent microscope. Examination of the 

fluorescent intensity before, during and after the addition of various solutions (target, competitor target and 

reference solutions) showed a significantly higher response (a 85.4% quenching of fluorescent intensity) 

of the fluorescence response when the MIP was exposed to solution containing the intended target 

(tetracycline, 0.1 mM), 10 times higher when compared with the MIP exposed to PBS and amoxicillin 

(quenching of 8% and 7% respectively).  A future experiment would be the introduction of multiple target 

solution injections instead of a singular injection, to observe whether or not the fluorescent quenching 

would be experienced further with each injection. This was validated by data gathered from the employed 

thermal analysis technique (HTM). The combination of both techniques demonstrates the ability to 

produce a multi-purpose MIP as a recognition element. Future work would see the MIP given solutions 

responses by combining both analysis techniques in a simultaneous manner. This would require minimum 

optimisation primarily focused on alternations to the thermocouple used.  
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Further exploration of the binding affinities of all polymers synthesised throughout this thesis, in terms of 

specificity and selectivity would ideally be carried out an aspect to be considered is the breadth of targets 

used in selectivity experiments. In most selectivity experiments, targets of different drug families were 

compared. Furthering from this, experiments could be carried out using a range of antibiotics within the 

same family of antibiotics and therefore sharing the same pharmacophore. Differential between closely 

related target molecules would give a more significant insight as the level of specificity of the MIP 

synthesised. However, as mentioned throughout, with such sensors as the sensor under development in 

the work, selectivity is a subjective measurement as certain sensors would have a higher level of usefulness 

if the can detect a pharmacophore rather than an isolated molecule as would be the case with many waters 

quality monitoring applied sensors. As mentioned throughout this thesis, template leaching is of significant 

consideration when analysing the binding affinity of MIPs. Further specificity studies could be carried out 

using MIPs imprinted with a different target. This would afford the assumption that target leaching could 

not affect the resulting filtrate concentration after a batch rebinding experiment. Furthermore, throughout 

the work carried out, there was significant ambiguity in the particle size due to no access to a ball mill and 

no sieves being used. To consolidate the results gathered, repeats could be carried out using a sieve on the 

MIP particles so that a more definite particle size range could be quantified.  This would lead to a more 

concrete estimation of the surface area of the particles within each suspension sample and rule out any 

anomalies that vast differences in surface areas would lend to. 

 

6.4 Final remarks and future scope  

MIPs offer substantial versatility in terms of their composition. With little optimisation, vastly different 

polymer capabilities have been shown, even with only changing a functional monomer as demonstrated 

in this thesis. The development of fluorescent MIPs detailed in Chapter 3 opens a conversation on the 

future applicability of their use. A study into a wider range of fluorescent monomers would be beneficial 

in terms of exploring the benefits or limited capabilities of various fluorescent monomers. As detailed in 
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Chapter 3, fluorescence can be influenced by a plethora of different aggravators including pH, ionic 

strength and contaminants that would be evidently present in real samples. By creating a library of 

fluorescent monomers and their characteristics when incorporated into a MIP, a better understanding of 

fluorescent monomer selection could be gathered, aiding to fluorescent MIP optimisation.  

A dual detection system was developed that possess significant future scope. At the end of the study 

however both analysis techniques are individual and not simultaneous as was planned. This is due 

primarily to time restraints from the period of the work carried out in the pandemic. As mentioned, a 

different thermocouple can be employed to combine both systems. Another elevation would be the 

employment of a resin flow cell to completely eliminate any fluorescence experienced from the glue used 

that may interfere with the analysis.   Combination of both analysis techniques, in a simultaneous manner, 

would afford a detection system with a higher degree of usefulness whilst validating and promoting MIP 

use as recognition elements in future sensor platforms. Furthermore, the miniaturization of the thermal 

analysis system would allow for significantly promoted applicability to an onsite sensor. Secondly, further 

exploration into other means of fluorescence analysis could bestow a compact and transportable 

fluorescent analysis system, allowing for promising applications into producing an onsite, simultaneous 

dual sensor platform, the final aim for the research. Another venture would be the combination of the work 

reported in Chapter 3 and 5. The potential to produce a dual detection system for AMR bacteria directly 

has momentous implications for healthcare and would be a further contribution to scientific knowledge. 

This would lead to real-time monitoring of bacterial development which is an area in need of 

enlightenment. As a finalised senor platform, this would produce  faster diagnosis time (~15 min against 

that of 2 hr analysis which are then only possible with expensive infrastructure that is not widely 

affordable) for infections which would lend to specialised treatment over the use of broad-spectrum 

antibiotics and faster treatment times, reducing hospitalisation times for patients resulting in more efficient 

treatment, higher patient turnover and reduction of costs. The use of MIPs in this area would be beneficial 

due to their inherent robustness as explained in Chapter 1. A universal sensor which is applicable to 
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multiple sample media (blood, urine, saliva etc) would increase useability and commercial aspects 

significantly.  

Chapter 4 gave insight into the compatibility of MIPs with other electrodes, as SPEs base material is 

polyester, issues had to be overcame in terms of solvent compatibility. Given that a sensor was successfully 

produced utilising an electrode with somewhat complicated compatibility, the desirable adaptability of 

MIPs was demonstrated, promoting their use over that of antibodies as recognition elements.   

In summary, demonstrated in this thesis is an alternative recognition element to traditional antibody use. 

Lengthy MIP monomer selection and optimisation remains an obstacle in furthering MIP use to 

commercial products. MIP sensing capabilities have been shown to be comparable to that of antibodies 

when employed as recognition elements; further work is needed in this area to consolidate this to combat 

commercial scepticism around their abilities. With the advancements in computational modelling as 

highlighted in Chapter 1, both issues should soon be overcame. This thesis has shown the versatility, 

adaptability and capability of MIPs, showing their path from a predominately academic-based standpoint 

to their future application and role in commercial sensors.  
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Chapter 8- Appendix 

 

Appendix A. MIP A fluorescent intensity study with ascorbic acid to act as a radical scavenger, 

showing significant percentage error 
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Appendix B. Custom Python script for fluorescent analysis for quantification of Microscope data 

(created by Matt Davies, PhD candidate, Newcastle University) 

 

 

## set the size (in pixels) of the analysis rectangle 

box_size = (194,194)  # (x_size, y_size) 

## set the top left rectangle coordinate 

background_coordinate = (000,000) 

area_coordinates = 

[(300,800),(400,200),(400,400)] 

## set the scale bar size in microns 

scalebar = 500 

## set the file to analyse 

file = 'C:\\Users\\55131731\\Desktop\\Ollie Yr 

3\\Fluorescent 

data\\TiE\\MIP3_3Layer_PBS.nd2' 

## time between images in minutes 

timestep = 2 

#-----------------------------------------------------# 

 

def main(): 

    nd2 = nd2reader.Nd2(file) 

    plot_image(nd2, scalebar, area_coordinates, 

box_size) 

    region_vals = calculate_intensity(nd2, 

area_coordinates, background_coordinate, 

box_size) 

    plot_timeseries(nd2, region_vals, timestep) 

    titles = ['   X   ', *[f'   Region {i}   ' for i, _ in 

enumerate(region_vals)], 'Average'] 

    print(*titles) 

    for i, val in enumerate(region_vals): 

        print(i, *val, val.mean()) 

def plot_timeseries(nd2, region_vals, timestep): 

    intensity = region_vals.mean(axis=1) 

    intensity_error= region_vals.std(axis=1) 

    fig = plt.figure(figsize=(7,5), dpi=80) 

    ax = fig.add_subplot(111) 

    time = 

np.arange(0,len(nd2)*timestep,timestep) 

    for region in region_vals.T: 

        ax.plot(time,region, 

             marker='o', c='grey', ls='none') 

    

ax.errorbar(time,intensity,yerr=intensity_error, 

color='black', marker='o', 
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                 ls='none', capsize=1, label='All 

regions') 

    ax.set_xlabel('Time (min)') 

    ax.set_ylabel('Summed Intensity (AU)') 

    ax.spines['right'].set_visible(False) 

    ax.spines['top'].set_visible(False) 

    legend_elements = [mpl.lines.Line2D([0], [0], 

marker='o', color='k', label='Averaged', 

                                        ls='none'), 

                       mpl.lines.Line2D([0], [0], 

marker='o', color='grey', label='Individual 

Region', 

                                        ls='none')] 

 

    ax.legend(handles=legend_elements) 

    pass 

def plot_image(nd2, scalebar, area_coordinates, 

box_size): 

    ## draw image 

    img = nd2[0] 

    fig = plt.figure(figsize=(7,5), dpi=80) 

    ax = fig.add_subplot(111) 

    fluor_cmap = 

LinearSegmentedColormap.from_list('my 

cmap',['black','purple']) 

    ax.imshow(img,cmap=fluor_cmap,vmin=0) 

 

    ## Set boxes to draw on image 

    rect = 

patches.Rectangle(background_coordinate, 

*box_size, 

                             

linewidth=2,edgecolor='r',facecolor='none') 

    bboxes = [rect] 

    for corner in area_coordinates: 

        rect = patches.Rectangle(corner,*box_size, 

                                 

linewidth=2,edgecolor='w',facecolor='none') 

        bboxes.append(rect) 

    bboxes = 

mpl.collections.PatchCollection(bboxes, 

match_original=True) 

    ax.add_collection(bboxes) 

    ax.xaxis.tick_top() 

    ax.xaxis.set_label_position('top') 

    ax.set_xlabel('X (pixels)') 

    ax.set_ylabel('Y (pixels)') 

    pass 

def calculate_intensity(nd2, area_coordinates, 

background_coordinate, box_size): 

    region_vals = np.zeros((len(nd2), 

len(area_coordinates))) 
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    for i, image in enumerate(nd2): 

        bg_x, bg_y = background_coordinate 

        ## imaeg is transposed so y axis is first 

dimension 

        bg_region = 

image[bg_y:bg_y+box_size[1], 

bg_x:bg_x+box_size[0]] 

        for j, corner in 

enumerate(area_coordinates): 

            x, y = corner 

            region = image[y:y+box_size[1], 

x:x+box_size[0]] 

            region_vals[i,j] = region.sum() - 

bg_region.sum() 

    return region_vals 

if __name__ == '__main__': 

    main() 
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Appendix C. Repeat dose response curve of HTM data for MIP T and NIP T with tetracycline 

solution injections  
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Appendix D. SEM image (2000× magnification) of MIP 2 microparticles immobilized onto an SPE 

using polypyrrole. (B) SEM image (1000× magnification) of thin film of polymer made directly on 

an SPE. 
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Appendix E. After polymerisation (1000x zoom), there was clear presence of the yeast on the 

SPCEs. Different washing strategies were employed, where washing twice with hot water led to full 

removal of yeast on the surfaces. Washing once was not sufficient whereas washing with organic 

solvents, such as methanol, led to damaging the polymer layer. 
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Appendix F. A MIP-modified electrode was exposed to suspensions with increasing concentrations 

of yeast (from 102 to 106 CFU/mL) in water. However, at elevated temperature no significant 

increases were found. 
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Appendix G. Paper published on the need for development in antibiotic detection platforms 

 

Approaches to the Rational Design of Molecularly Imprinted Polymers 

Developed for the Selective Extraction or Detection of Antibiotics in 

Environmental and Food Samples 

Oliver Jamieson, Francesco Mecozzi, Robert D. Crapnell, William Battell, Alexander Hudson, 

Katarina Novakovic, Ashwin Sachdeva, Francesco Canfarotta, Carmelo Herdes, Craig E. 

Banks, Helena Snyder, Marloes Peeters  

First published: 25 March 2021 

https://doi.org/10.1002/pssa.202100021 

 

Abstract 

The World Health Organisation (WHO) reported antimicrobial resistance (AMR) as a global 

threat comparable to terrorism and climate change. The use of antibiotics in veterinary or 

clinical practice exerts a selective pressure, which accelerates the emergence of antimicrobial 

resistance. Therefore, there is a clear need to detect antibiotic residues in complex matrices, 

such as water, food, and environmental samples, in a fast, selective, cost-effective, and 

quantitative manner. Once problematic areas are identified, can extraction of the antibiotics 

then be carried out to reduce AMR development. Molecularly imprinted polymer (MIPs) are 

synthetic recognition elements produced through the biomarker of interest being used as a 

template in order to manufacture tailor-made ligand selective polymeric recognition sites. They 

are emerging steadily as a viable alternative to antibiotics, especially given their low-cost, 
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superior thermal and chemical stability that facilitates on-site detection, simplified 

manufacturing process, and avoiding the use of animals in the production process. In this paper, 

the authors critically review literature from primarily 2010–2020 on rational design approaches 

used to develop MIPs for sensing and extraction of antibiotics, providing an outlook on crucial 

issues that need to be tackled to bring MIPs for antibiotic sensing to the market. 

1 The Need for Detection of Antibiotic Residues 

1.1 Antimicrobial Resistance (AMR) and Its Acceleration through Water Contamination 

The World Health Organization (WHO) predicts ten million annual deaths, globally, due to 

antibiotic-resistant infections, by 2050.[1] The rise in antimicrobial resistance (AMR) bacteria 

is therefore considered a global threat. Cassini et al.[2] studied deaths linked to drug-resistant 

infections in Europe and concluded that ≈700 000 infections in 2015 were related to resistant 

bacteria, of which 5% were fatal. Similarly, a study by Ventola[3] demonstrated that two million 

patients in the USA developed hospital-acquired infections (HAIs), of which 99 000 cases 

proved fatal, a significant proportion of which were also caused by resistant bacteria. In addition 

to their impact on mortality, these resistant bacteria also pose a serious financial burden. 

Misurski et al.[4] demonstrated that incorrect antibiotic prescription was estimated to be a $211 

million burden, per year, in the USA alone. These costs are ascribed to prolonged 

hospitalization, increased morbidity, greater requirement for critical care support, delayed 

return to the workforce, and consequent economic impact associated with reduced productivity. 

Moreover, recent events have led to concerns about a new surge in AMR due to the use of 

antibiotics in patients with COVID-19.[5] While antibiotics are ineffective against viruses, they 

can be used in patients with confirmed COVID-19 to prevent or treat secondary bacterial 

infections: an early study from China showed that secondary infections and HAIs were present 

in half of all deceased COVID-19 patients.[6] Surprisingly, no current inclusions of 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0006
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antimicrobial stewardship programs (ASPs) in disaster planning or emergency response 

preparedness efforts have been legislated, but there is a strong drive from the medical and 

scientific community to integrate ASPs into disaster planning and appoint stewards in a more 

formal role after the COVID-19 outbreak.[7] 

Another concerning issue is the possibility of antibiotics leaching into water systems, via the 

effluents of the pharmaceutical industry, agriculture, and hospitals (Figure 1). However, these 

routes are all critical to the continuation of modern-day living so a solution is needed that does 

not impact them. Behera et al.[8] studied the introduction of pharmaceuticals, including 

antibiotics, into the environment in an industrial city in South Korea. Among the antibiotics 

screened, standard water treatments achieved antibiotic removal between only 10 and 70%. 

Sulfamethazine was found to have a removal efficiency below 30%, suggesting that the 

majority still entered further waterways. Conversely, caffeine, a common contaminant and a 

standard indicator molecule, showed a 99% removal efficiency under the same conditions. This 

exemplifies how using caffeine as an anthropogenic marker[9] may therefore yield false 

confidence in current purification processes. 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0007
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0009
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Figure 1 Routes of entry of antibiotics into the environment. Green arrows displaying antibiotic 

removal from the environment, red arrows showing the entry routes of antibiotics, and orange 

arrows explaining that extraction methods are not fully efficient at antibiotic removal. 

Effluents from modern-day infrastructure are not the only route of antibiotics into the water 

systems. Alternative entry routes include livestock feed and excrement. Watanabe et al.[10] led 

a study into the waste outputs of two dairy farms in the USA. It was found that monensin, a 

polyether antibiotic commonly found in animal feeds, leached into ground water assumedly due 

to relatively high monensin concentrations found in manure. Tasho et al.[11] highlighted 

veterinary antibiotic use in livestock and the resulting antibiotic residue in livestock manure, 

which can be as high as 216 mg L−1. Given that 0.9% of farming worldwide is conducted 

organically,[12] which equates to a significant amount of natural fertilizer use, the critical role 

of agricultural practices in the leaching of antibiotics into the environment is highlighted. 

Watkinson et al.[13] traced the journey of drinking water all the way back to hospital effluent, 

evaluating the concentration of 28 antibiotics at different stages in Southeast Queensland, 

Australia. Some antibiotics were detected at concentrations of up to 64.0 μg L−1 in Waste Water 

Treatment Plant (WWTP) influent, compared with the maximum concentration in the effluent 

being 3.4 μg L−1. It was shown that rivers having no effluents from WWTPs in their watershed 

have a significantly lower residual antibiotic concentration, demonstrating the broader impact 

of hospital pharmaceutical waste. A study based in Ter River, Spain, by Rodriguez-Mozaz et 

al.,[14] incorporated a wider range of antibiotics, showing that fluoroquinolones had the highest 

residual concentration in hospital effluents up to 14.4 mg L−1, which is most likely due to their 

enhanced stability compared with other common antibiotics. Both studies show significant 

presence of antibiotics in water systems from developed counties, portraying that even countries 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0010
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0011
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0012
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0013
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0014
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with modern wastewater treatment infrastructure are being impacted by antibiotic presence in 

water systems. 

The European Water Framework Directive is a legislative department set up in 2000, to ensure 

water safety. Carsten von der Ohe et al.[15] aimed to improve the existing European Water 

Framework Directive by classifying chemicals of critical importance in terms of their potential 

to cause harm. With more in-depth understanding of the harm AMR is causing, improvements 

to the legislation can lead to more appropriate restrictions on antibiotic presence in the 

environment. Despite this, Carvalho et al.[16] subsequently noted the lack of relevant regulations 

regarding the same issue in the European environmental water quality standards. It is therefore 

of critical concern that carriers of antibiotics, such as meat or milk, and common water 

micropollutants are regulated; however, there remains limited scrutiny of antibiotics in water 

systems; therefore, a system to accurately measure and follow antibiotics from a variety of 

media, specifically and critically including aqueous media, must be agreed upon. 

The current lack of antibiotic regulation and therefore a need for detection within Europe's 

waterways could have dire consequences and certainly contribute to exacerbating AMR in the 

future. Hence, there is a need to identify and more closely monitor waste streams that may 

contain antibiotics and ultimately enforce new regulations for their processing and removal. 

However, these testing and analyses methods must be cost effective and financially viable if 

they are to be broadly implemented. 

1.2 Limitations of Current Antibiotic Detection Platforms in Different Media 

Extensive efforts are required for the research and development of novel detection systems for 

different families of antibiotics and to be able to do so in different media. In a study, Khaskheli 

et al.[17] displayed a procedure for the screening of β-lactam antibiotics in milk using a 

qualitative field disc assay. Despite encouraging results, the biggest drawbacks of the systems 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0015
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0016
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0017
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were 1) the 24 h turnaround time and 2) the extensive sample preparation required. The first 

issue was originally addressed by Knecht et al.,[18] with the use of an automated microarray for 

simultaneous detection of ten antibiotics in milk; however, this system needed the use of costly 

infrastructure and apparatus. Wang et al.[19] expanded the scope to meat and aquatic products; 

after these were minced and extracted, ultraperformance liquid chromatography was used to 

study residual levels in the range of 0.05 ng g−1 in meat and 0.2–5.0 ng mL−1 in milk. A more 

detailed review of antibiotics detection was released by Pikkemaat.[20] From this work, and the 

studies provided beforehand, it emerges that the most common analysis technique in the first 

decade of the 2000s involved microbial screening assays: these are cost effective, despite being 

time-consuming, and do not offer quantitative results. 

Baquero et al.[21] gave an oversight as to the main ways in which antibiotics are detected in 

water samples. Depending on the analyte of interest, common detection systems include 

electrophoretic and chromatographic techniques as well as voltammetry and amperometry 

detection systems. This study shows that several antibiotics can be accurately monitored in a 

wide range of media and by different detection methods. However, all these techniques required 

1) a lab environment, 2) time-consuming procedures, and 3) skilled personnel. Smith et 

al.[22] used a commercially available test kit that was modified to enable detection of antibiotics 

in water systems, trying to optimize the detection. The study provided a qualitative test for 

antibiotics but lacked the critical quantification. While these in-field testing kits are of promise 

due to the rapid and on-site detection of antibiotics that will yield more accurate information 

and simplicity of operation even for nontrained users, further development is still required to 

enable crucial quantification. 

Colorimetric bacterial inhibition approaches and lateral flow immunoassays are common for 

on-site detection of antibiotics. However, colorimetric bacterial inhibition requires large sample 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0018
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0019
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0020
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0021
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0022
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volumes and is limited by poor sensitivity and complex user protocols, whereas lateral flow 

immunoassays require user intervention for quantifying results.[23] All these limitations can be 

worked around with the use of molecularly imprinted polymers (MIPs). 

1.3 Potential of Using MIPs for Antibiotic Detection and Extraction 

MIPs are custom-built, synthetic recognition sites, designed for a specific target 

molecule.[24] These synthetic receptors can be used in place of antibody−antigen, 

enzyme−substrate, or ligand−receptor interactions and indeed can be fabricated to have similar, 

if not better, affinity and selectivity than their naturally occurring counterparts[25] and crucially 

when no naturally occurring antibodies exist. The synthesis of MIPs can be accomplished in 

nonspecialist laboratories, with nondedicated equipment, and is often seen as a relatively simple 

process, with only little formal training in polymer chemistry required. However, its simplicity 

might be misleading and can mask the fact that it involves multiple and often interdependent 

variables. The ways in which these affect and change the properties of the resulting polymers 

are, in fact, quite complex and require a good understanding of molecular recognition theory, 

thermodynamics, and polymer chemistry.[26] 

The concept of MIPs and their potential usefulness in multiple fields of scientific research have 

been gaining significant interest since the early 1990s.[27-29] Despite their obvious benefits over 

naturally occurring recognition biomolecules, particularly their increased stability and 

specificity, as well as their low cost, ease of production, and ability to target molecules for 

which natural receptors do not exist,[30, 31] they are yet to garner widespread and commercial 

success. 

MIPs were found to be highly suitable first for application in chromatography,[32-34] especially 

liquid chromatography.[35, 36] Curti et al.[37] developed the first truly functional silica-derived-

imprinted polymer systems, which subsequently became a well-established technique in the 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0023
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chromatography field. Significant advances in imprinting techniques and new synthetic 

methodologies, along with their excellent recognition specificity and structural predictability, 

make them a valuable alternative in the recognition systems landscape. This in turn has opened 

their potential use to a wide variety of applications.[38] After the development of a noncovalent 

fabrication method by Mosbach and coworkers[39], and modifications thereof, the use of these 

synthetic ligands has continued to grow. This is evident by the exponential increase in research 

papers over the past 20 years. 

To date the use of MIPs has mostly been limited to academic research. Although MIPs have 

found their way into several commercial markets (Table 1), with further exploration, they could 

be implemented even further. Whitcombe and coworkers[40] stated that MIPs could seize 1–3% 

of the separation techniques market, worth $1.19 billion, based predominantly in the 

chromatography column sector alone. 

Table 1. Summary of commercial MIPs that have been developed 
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MIP Company Description 

MIP cartridges for 

extraction[224] 

Acros 

(SupelMIP) 

SPE of 14 aminoglycosides (environmental 

contaminants) in foodstuffs, e.g., meat, milk, and fish 

Epitope-imprinted 

MIPs[227] 

Aspira 

Biosystems 

Specific and selective uptake of micro-organisms 

MIPs as model drug 

targets[228] 

Semorex Inc. Incorporation into drug discovery, being used to test 

drug leads by acting as synthetic drug targets 

Biotage AFFINILUTE 

MIP columns 

Biotage Incorporation of MIPs into Biotage columns to afford 

significant sample clean-up 
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MIPs can be easily synthesized by bulk polymerization, ground, mechanically sieved, and 

packed in a column.[41] This method, though crude, is simplistic and versatile. More 

specifically, monolithic MIP columns have been later prepared directly inside stainless steel 

columns or capillary columns to solve the problems of nonhomogeneousness of the binding 

sites and particle size.[42, 43] High performance liquid chromatography (HPLC) has often seen 

the use of MIPs as a stationary phase in the racemic resolutions of several species[44] including 

amino acid derivatives[45, 46] and drugs,[47, 48] though often excessive tailing and peak 

broadening are the limiting factors for their use and commercialization for this 

purpose.[49] Another important area of analytical chemistry, where imprinted polymers have 

established themselves, is solid-phase extraction (SPE).[49-54] Sigma-Aldrich and Biotage sell 

MIPs for the highly selective extraction of trace analytes from complex matrices.[55-58] 

Use in commercialization of MIPs has been limited as their integration into the sensor platforms 

is not straightforward. In earlier development stages, MIP microparticles prepared by free-

radical polymerization were lacking in affinity and the grafting-on and in situ synthesis 

techniques were not as refined as they are now.[59-62] 

1.3.1 Synthesis of MIPs 

A typical MIP synthesis protocol contains a template, one or more functional monomers, a 

crosslinker monomer, a polymerization initiator, and a solvent.[63] Figure 2 shows a simplistic 

schematic of the molecular imprinting principle. 

High-affinity 

nanoparticles 

MIP 

diagnostics 

High-affinity nanoparticles (nanoMIPs) are produced 

for extraction and sensing 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0041
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0042
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0043
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0044
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0045
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0046
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0047
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0048
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0049
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0049
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0054
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0055
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0058
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0059
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0062
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0063
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-fig-0002


213 

 

 

Figure 2 The several steps of molecular imprinting with a) precomplex with the example 

template of penicillin G surrounded by crosslinker and generic acrylate functional monomers, 

b) polymerized MIP, and c) amoxicillin molecule extracted, leaving an empty cavity to be used 

for rebinding. 

However, the challenge of designing and synthesizing an MIP involves the selection of each of 

these variables: 1) monomer(s), 2) crosslinker(s), 3) solvent(s), and 4) initiator and the selection 

of initiation method along with the duration of the polymerization. Determination of the 

appropriate monomer(s) and the optimal stoichiometric ratios of each of the components often 

requires extensive empirical studies and testing to maximize target recognition.[64] The most 

common method of fabrication is known as self-assembly or noncovalent imprinting, often 

chosen for its ease and flexibility. It requires only a small number of synthesis steps, is 

compatible with a vast majority of target molecules, and template removal is facile post 

fabrication. The template and the monomers interact through noncovalent interactions and 

polymerization takes place with the system (interaction between functional monomer and 

template) at an equilibrium, although it depends on the choice of reagents and the conditions 

(temperature, solvent) applied. Interactions at interplay involve hydrogen bonding, ionic 

interactions, Van der Waals forces, and π–π interactions. MIPs are often synthesized (and 

optimized) in organic solvents, whereas it has been established that binding characteristics are 

highly dependent on the solvent. In particular, binding in water is complicated as target 
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molecules can bind in a specific manner to the MIP matrix due to hydrophobic 

effects.[65] Another drawback is that generally an excess of functional monomers has to be 

added to increase the chance of binding, which leads to various configurations and 

heterogeneous binding site distributions.[66] The nonhomogeneity of the binding sites in MIPs 

resulting from noncovalent imprinting is comparable with that of polyclonal antibodies.[67] This 

might still be useful when a family of related compounds needs to be analyzed, especially if it 

is a class of antibiotics. If the MIP would be able to rebind to them, especially when a screening 

is sufficient and a very precise measure is not required, it would have a sizeable advantage over 

a biosensor that would have to include different antibodies for each analyte. However, though 

these types of MIPs can work well within a laboratory research setting, their sensitivity, 

accuracy, and limits of detection are not suitable for commercial devices. 

A solution to the issue earlier is represented by the covalent method: the functional monomers 

are chosen following the criteria that they are able to form a reversible covalent bond with the 

template, which will be cleaved after the polymerization process, allowing for the template to 

be recovered. Covalent fabrication methods yield a homogeneous population of binding sites 

and minimize nonspecific sites, with selectivity comparable with monoclonal 

antibodies.[25, 68, 69] Often, the aforementioned reversible bonding uses boronate esters, 

ketals/acetals, and Schiff bases. Readily reversible condensation reactions are typically chosen 

to cleave the covalent bond responsible for the interaction, for its extraction to be successful. 

However, this type of polymerization introduces an additional step in the fabrication process. 

Moreover, the covalent strategy poses a major challenge as the covalent bond leads to slow 

dissociation,[40] which limits its practical application, particularly in the area of sensing. 

Dummy templates, which are very similar to the target molecule, in size and shape but, 

importantly, not present in the system, are a useful workaround for this issue. 
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Certain hybrid approaches have emerged, one of which is known as semicovalent 

imprinting.[70] Semicovalent imprinting exploits covalent interactions to form the 

prepolymerization complex between functional monomers and template; however, rebinding to 

the MIP produced will be solely due to noncovalent interactions that, by nature, will occur with 

faster kinetics. Another similar imprinting technique is hierarchical imprinting, which uses 

scaffold molecules, which eventually are eliminated, to produce pores that act as microreactors. 

This approach is hence termed “sacrificial spacer” method and was first introduced by Klein et 

al.,[31] but it has since been used in multiple areas of research. This work demonstrates the 

preparation of MIP shells, an example of the sacrificial support approach, with fast absorption 

kinetics (≈10 min) for detection of the antibiotic enrofloxacin (ENR), as shown in Figure 3, in 

fish samples, with limits of detection well below the legal maximum residual level. 
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Figure 3 Preparation of hollow MIPs using covalent and noncovalent imprinting for an amino 

acid sequence, demonstrating the “sacrificial spacer” method using K2Ti4O9 as a spacer 

molecule. Adapted with permission.31] Copyright 1999, Wiley-VCH. 

The K2Ti4O9 matrix was chosen because of its nontoxicity, low cost, and easy removal. Silica 

is indeed another popular choice as sacrificial support as the polymers can be embedded into 

the pores of the particles. The group of Moreno-Bondi developed MIPs that were able to 

recognize six cephalosporins below the maximum residual levels set for these antibiotics in raw 

milk.[71] Silica etching is a more time-consuming process and also involves harsh chemicals, as 

the particles were treated with an ammonium hydrogen difluoride mixture for 24 h. A similar 

approach, where silica beads were functionalized with MIPs according to the procedure by 

Yilmaz et al.,[72] was used to synthesize selective recognition elements for structurally related 

penicillins. This antibiotic family base structure, 6-aminopenicillanic acid, acts as a dummy 

template enabled to detect the entire class of target analytes from milk with high recovery rates. 

Another dominant restriction to MIP synthesis is that only a limited number of functional 

monomers are suited for this task. Methacrylic acid (MAA) was already used by Mosbach et 

al.[73] and remains to this date the most common one, given its ability to serve as H-bond donor 

and acceptor. Lately, several approaches have been attempted where combinations of functional 

monomers have been used at the same time to enhance binding affinity.[63, 74-78] Although a wide 

range of amino acids can be used, several restrictions reduce their availability. While this is 

certainly interesting, it exposes the fact that only a limited number of functional monomers is 

still available to this day. 

The approach of using a “dummy” template when discussed earlier is advantageous as it would 

not involve working with target molecules that are expensive, dangerous, unstable, or 

toxic,[79, 80] while also allowing to detect classes of compounds which can be of particular 
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interest in the case of antibiotics. Many successful cases of epitope imprinting have already 

been reported,[81, 82] as well as computational simulations that use molecular modelling[83, 84] to 

select the epitope that yields the highest specificity.[85] The recent COVID-19 outbreak has 

triggered the interest in the epitope approach, considering one could imprint with antigens of 

the virus or particles with similar size and shape as the virus. 

The known difficulties in extracting the template led to a problem known as template leaching, 

which might interfere with the analysis of a given target. While the extraction of residual 

template molecule is more exhaustive after every use, it might be possible to avoid it with the 

use of a dummy template.[86] However, this leads to less-selective binding cavities as a major 

drawback. 

A common drawback of MIPs is the difference in sensing performance between lab testing, 

when samples are spiked with the target analyte, and field testing, when a complex matrix is 

used. Often, even when state–of-the-art biosensors are utilized, the sample is pretreated and 

concentrated to avoid the interference of several other components. Interestingly, often the 

separation and removal of unwanted, interfering analytes from a solution is achieved via the 

use of MIPs in chromatographic methods, as mentioned previously. Therefore, a more complex 

sensor, first using a variety of MIPs in a separation procedure, prior to MIPs sensing of the 

analyte, may resolve the aforementioned problem. 

Even with the drawbacks mentioned earlier, noncovalent imprinting, given the reduced number 

of steps and the ease of template extraction, is often the most widely used method of MIPs 

fabrication during the development of new sensors. Although sometimes less specific than other 

MIP methods, specificity of the binding sites can be increased via a low-temperature, light-

induced polymerization process. The synthetic methodology, in contrast, can be chosen 

depending on the destination of use of the polymer; whereas monolith synthesis and consecutive 
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grinding offers a very simplistic approach, and its use is destined to be abandoned in favour of 

those able to yield more homogeneous binding sites and a better yield. In the future, methods 

that will also ease scalability such as MIP beads, membranes, in situ-prepared monoliths, 

surface imprinting, and molecularly imprinted monolayers will likely be preferred, as they ease 

the rebinding kinetics and offer further improvement in the homogeneity of the binding sites. 

2 Rational Design of MIPs for Antibiotics 

2.1 Computational Modeling 

As mentioned previously, determining the correct functional monomer, crosslinker, and solvent 

for the chosen template is one of the most important considerations when approaching MIP 

design and often the most time- and resource-consuming task, which is not eased by the 

availability of a considerable amount of these components. The experimental optimizations in 

both type and ratio may require the time-consuming fabrication of many imprinted polymers, 

whose difference in composition only slightly varies from each other, to obtain the most specific 

cavities. While this might be a big hindrance in terms of experimental work, such a task lends 

itself to the use of rational design through computational modeling, offering substantial 

advantages in both time and cost to the experimental counterpart.[87] The majority of 

computational modeling in relation to MIP design is centered around the prepolymerization 

complex. The nature of these interactions is a key step in obtaining high-affinity binding sites. 

With the use of varying computational techniques, these interactions can be investigated and 

optimized.[88] 

While the adoption of simple computational methods toward MIP design was first seen toward 

the end of the 1990s,[89] their application toward direct rational design was not fully 

acknowledged until work by Piletsky et al.[90] This work utilized monomer screening, similar 

to experimental combinatorial screening, to predict the correct choice of monomer. This 
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demonstrated the potential power of computational software for monomer selection. This work, 

besides many others, considers thermodynamic interactions between template and functional 

monomer. When the computational program shows increased stability of these interactions, the 

quality of the template-specific cavity being produced experimentally is usually 

improved.[91] These energetics-based template-monomer studies are characterized by the 

determination of binding scores (Equation (1)), comparisons of which identify stronger 

interactions. 

Equation 1: The binding energy/score (ΔHB) between a template and functional monomer based 

on heat of formation (ΔHf). 

Δ𝐻B=Δ𝐻f Final complex−(ΔHf Monomer+ΔHf Template)ΔHB=ΔHf Final complex−(ΔHf M

onomer+ΔHf Template) 

(1) 
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The energy difference between an independent template and a monomer compared with the 

final complex, template, and monomer bound by a new bond indicates the strength of this newly 

formed bond. There has been a considerable decrease in cost and increase in computing power 

available over the past 20 years. Not only has this increased the number of papers including 

rational MIP design, but it has also led to the development of more advanced techniques. A 

search of the available literature (Web of Science) shows a sharp increase in the number of 

papers since 2000 (Figure 4). 

 

Figure 4 Representation of the increased research in the field via the number of publications 

including computational methods in MIP design between 2000 and 2019. The data obtained 

through Web of Science using the keywords “Molecularly Imprinted Polymer,” “MIP,” and 

“Computational.” 

Quantum mechanical (QM) techniques, namely, semiempirical methods such as density 

functional theory (DFT), have become more widespread. QM-based methods offer a more 
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advanced approach to predicting molecular energies. Such energies are calculated through the 

use of electronic structure-based techniques, allowing for determinations of interaction energies 

as well as structural predictions. For MIP design, QM methods are mainly used in monomer 

screening approaches and offer a more accurate method for determining energies for use in 

Equation (1). 

While many studies consider only template−monomer interactions, many others have 

investigated this further with more in-depth structural analysis, considering not only changes in 

ratios but also interactions of both crosslinker monomers and solvent. Again, QM methods have 

been used in this area, considering crosslinker interactions to the template; however such 

techniques are still computationally expensive and limited to only a few molecules. Molecular 

mechanics (MM) and molecular dynamics (MD) are commonly implemented when a more 

dynamic system is wanting to be defined, with both solvent and larger systems able to be 

represented. MD techniques allow these interactions to be investigated over time, analyzing the 

motion of individual molecules. MM focuses on the observed properties of these molecules, 

with bond lengths, angles, and dihedrals along with nonbonding interactions considered. Most 

commonly, these two methods are used in combination. 

Specifically, in relation to computational rational design for antibiotics, there have been several 

papers offering many different techniques outlined previously. A relatively recent paper by 

Kong et al.[92] investigated norfloxacin-imprinted polymers using an MD--based approach. 

They considered changes in the ratio of functional monomer (MAA) and crosslinker (EGDM) 

while keeping the solvent (acetonitrile) constant. Computational analysis was completed using 

radial distribution functions (RDF), which allow for two specific atom pairs to be analyzed as 

a system interacts throughout a simulation. A ratio of 1:8:40 (template: monomer: crosslinker) 

produced the best pre-polymerization interactions, namely, the carbonyl to alcohol of 
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norfloxacin to MAA. The experimental rebinding studies also supported this particular polymer 

composition ratio, with the computationally predicted one offering greater rebinding and 

specificity than the other MIPs analyzed. 

The majority of papers on the subject, however, use the quantum mechanics-based approach, 

specifically for monomer selection. This is mainly due to the accuracy of the energies predicted, 

but also the relative speed and ease when determining template-functional monomer bonds in 

vacuum. Again, they use semiempirical methods, mostly DFT, to determine the energies 

required for Equation (1). Such work has been completed on the antibiotics 

norfloxacin,[93] ciprofloxacin,[93, 94] ENR,[95] and tetracycline.[96] The studies found that the 

energies derived computationally were consistent with the experimental data produced and that 

the binding scores generated correlated with the experimental rebinding. The nature of 

antibiotics, with their relatively small size and presence of multiple, accessible functional 

groups, makes them a good candidate for computational modeling, as a wide range of 

techniques can be applied to them, depending on the requirements. Previous work in the area 

has shown good support for this, with complimentary computational and experimental data. 

The rational design of MIPs through computational methods is still a growing area of research, 

with varying approaches and more advanced techniques being developed since its establishment 

in the early 2000s. Such methods were applied depending on the research, whether that were 

simple functional monomer predictions using QM or more in-depth structural analysis utilizing 

MD. Already, with many papers showing the ability for strong predictions, the application of 

such aided design looks set to become commonplace in future MIP production. 

2.2 NMR Techniques Aiding MIP Production 

NMR is an essential technique for structure determination, for a wide range of molecules. The 

plethora of techniques associated with proton and carbon NMR, which allows investigating 
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spatial and electronic interactions between different nuclei, can offer very detailed structural 

information even in the case of complex molecules. MIPs are composed of crosslinked and 

macroscopic chains, which complicate the characterization due to their intractable and insoluble 

nature. A pioneering NMR study on MIPs was reported by Sellergren, Lepisto, and 

Mosbach.[97] Following a 1H-NMR study, combined with a chromatographic technique, 

involving titration of the print molecule (phenylalanine anilide) with carboxylic acid, it was 

found that the results were consistent with the existence of multimolecular complexes by means 

of electrostatic and hydrogen-bonding interactions.[97] 

NMR has been mostly used to determine the extent of the template to functional monomer 

association equilibrium in the prepolymerization stage; the shift of the relative signals, 

compared with those of the template and monomer alone, can determine the extent of the 

interaction. Wang et al. used NMR to identify the best template-to-functional monomer 

ratio,[98] a procedure that is often very time-consuming, for the preparation of MIPs for the 

extraction of a valuable compound. The signals of the protons involved in hydrogen bonding 

and that of the adjacent carbon were used to gauge the strength. 

A study by Mattos dos Santos et al. reported on the synthesis of MIPs targeting tegafur (an 

anticancer 5-fluorouracil prodrug) and used 1 H-NMR titration to study solution association 

between tegafur and 2,6-bis(acrylamido)pyridine (BAAPy).[99] This confirmed the formation of 

a 1:1 complex of template and functional monomer, in MIPs being prepared using 

stoichiometric imprinting. Interestingly, an affinity constant of 574 ± 15 m−1 in CDCl3 was 

calculated using a previous work by Fielding, who reviewed the topic with a section dedicated 

to diffusion experiments.[100] Hydrophobic effects and their contribution to the selectivity of the 

resulting MIP were investigated with NMR spectroscopy by O'Mahony et al. to identify the 

interactions occurring in the prepolymerization mixture.[101] 
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Sánchez-González et al. used 1 H-NMR and, importantly as it represents a novelty, nuclear 

overhauser effect (NOE) to study the prepolymerization interaction between the cocaine 

(COCH) template and the functional monomers MAA and ethylene dimethacrylate; in 

particular, 1D selective NOE experiments were conducted to assess MAA-COCH and EDMA-

COCH hydrogen-bonding interactions, which were contextually confirmed by in silico 

studies.[102] 

Commonly, the other time-consuming step is the quest to identify the most appropriate 

functional monomer. Konishi and coworkers addressed this using 1H-NMR to evaluate the 

influence of several monomers on the potentiometric performance of histamine-imprinted 

polymer-modified sensors.[103] Not only was 1H-NMR able to assess the interaction between 

histidine and acrylamide (AA) and atropic acid (AT) and MAA, but it was even possible to see 

the influence of its imidazole ring on the pyridine ring of 4-vinylpyridine (4-VP). 

The nature of MIPs makes their characterization usually harder, but solid-state NMR has been 

shown to evaluate the degree of the binding of the template when the interactions are strong. 

Less recent works already demonstrated that this technique is useful to provide insights. 

Andersson et al. used this technique to optimize the template-functional monomer 

proportion.[104] 

Simple 13C-NMR alone had not been used for the evaluation of the template-functional 

monomer interaction, until Zhang et al.[105] reported a study where it was utilized to evaluate 

the interactions between antibiotic erythromycin (ERY) and a set of functional monomers, with 

the choice of MAA as the optimal one. The rational binding sites were predicted based on 

chemical shifts changes in ERY structure. DFT theoretical calculations of Lewis basicity of the 

O/N atoms located at the sites proposed by a sequence regarding their interaction force 

confirmed its reliability. Solid-state NMR was used by Annamma et al. to design a 2,4-
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dichlorophenoxyacetic (2,4-D) acid-imprinted polymer with 4-vinylpyridine (4-VP) as the 

functional monomer,[106] intriguingly showing the effect of increasing concentrations of 4-VP 

on the equilibrium; see Figure 5. 

 

Figure 5 H NMR spectra of 2,4-D with increasing concentration of 4-VP showing changes in 

the chemical shifts used to rationalize a low crosslinked system that allows for higher levels of 

specificity and selectivity.(Reproduced with permission.[106] Copyright 2011, Springer.) 

2.3 Isothermal Titration Calorimetry (ITC) 

Isothermal titration calorimetry (ITC) is a microcalorimetry technique that measures the heat 

released or absorbed during a chemical reaction, generally used to determine binding affinity, 
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enthalpy changes, and stoichiometry of interactions between molecules in solutions.[107] The 

advantage of this technique is that no immobilization or modification of the starting reagents is 

required. In addition, ITC has the ability to detect changes in the low mK range that 

corresponded to noncovalent interactions such as hydrogen bonds.[108] However, ITC is not 

widely available in laboratories and requires expensive instrumentation, which limits the 

application in the field of MIPs[109]. To the best of our knowledge, there have been no reports 

about the use of ITC for the characterization or rational design for MIPs produced for 

antibiotics. There are few reports in literature about using ITC to determine binding affinity of 

MIPs for small molecules[110, 111] and predicting the optimum ratio of target-to-functional 

monomer.[112, 113] Due to ITC providing thermodynamic data, it gives fundamental insight into 

the binding mechanism of MIPs that has been proven strongly dependent on 

pH,[114, 115] showing that pH can be a considerable variable in achieving optimum MIP function. 

Considering ITC is routinely used in biomedical research including enzyme kinetics, it might 

play a crucial role in optimizing MIPs for antibiotic detection and understanding the influence 

of external parameters (T, pH, etc.) on binding to polymers. 

2.4 Infrared Spectroscopy 

Infrared (IR) spectroscopy is ubiquitously used in laboratories as it is versatile, offers fast and 

straightforward analysis, and is inexpensive. The main disadvantage of IR is that it is difficult 

to analyze complex mixtures or aqueous solutions, as the corresponding spectra provides only 

limited information about individual peaks of chemicals of interest. Therefore, IR is not 

routinely used to study interactions in the prepolymerization complex prior to MIP formation 

as the stretching frequency of hydrogen bond donors or acceptors is generally in the same range 

as that of the solvent peaks.[116] However, IR measurements can also be collected from solid 

particles and this method of IR can provide useful information about the resulting solid MIP on 
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the expected performance of the material as the peak intensity of the carbonyl group provides 

quantitative information about the amount of polymer present on the surface.[116] Thin films of 

poly(N-isopropylacrylamide) revealed systematic changes in IR peaks associated with the 

amide bond, that could serve to bind molecules via hydrogen bonding. In addition, the study 

also demonstrated that the molecular architecture can significantly vary depending on what 

solvent was used to cast the film.[117] IR measurements are fast and straightforward and 

therefore have scope for this technique to be used for high-throughput screening of performance 

of solid polymeric materials. 

MIP materials are often heavily crosslinked and have limited solubility, which can complicate 

characterization. IR is often used on solid materials to establish the presence of the polymer on 

surfaces and determine whether the template has been fully removed from the MIP cavities. 

Chen et al., reported on the separation of tetracycline antibiotics from egg and tissue samples 

using magnetic MIPs as the solid phase.[116] Peaks from the carbonyl and hydroxyl group of the 

polymer were present in the recorded IR spectra, which confirmed presence of the polymer on 

the magnetic particles. Wei et al. developed dual-imprinted MIPs for the rapid determination of 

amphenicol antibiotics in water, serum, and food samples. The presence of the polymer was 

verified with IR measurements. Furthermore, IR spectra of the reference non-molecularly 

imprinted polymer (NIP) and its corresponding MIP were compared and significant frequency 

shifts in the peak corresponding to methacrylic acid were observed.[118] It was hypothesized that 

the observed shift in this peak was due to hydrogen bond interactions between functional 

monomer and target. A similar approach was followed by the group from Mizaikoff and 

coworkers[119] that developed gravimetric sensors for detection of the antimalarial drug 

artemether. Upon inspecting the IR spectra of the polymers, a spectral shift of the peaks 

corresponding to the carboxyl groups of methacrylic acid to the shorter wavelength was 
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reported. Besides these peaks, there was also a distinct intensity change at a wavelength of 

3000 cm−1 that was attributed to additional interactions of functional monomers with the 

template. 

Over recent years, there has been a move toward the use of the aforementioned “dummy” 

templates in Section 1.3, which avoid the use of high-cost or toxic target molecules. Zhang et 

al., used a simple sugar, raffinose, as a dummy template to develop MIPs for antiglycoside 

antibiotic detection.[120] This molecule resembles the size and shape of the antibiotic of interest 

and is able to selectively extract six antibiotics from the family of antiglycoside antibiotics from 

environmental samples. In research by Liu et al.[121] roxithromycin was used an example of a 

macrolide antibiotic to develop MIPs for the extraction of this entire family of macrolides. The 

interesting aspect of this work was that a simple wooden tip was used, that makes it extremely 

suitable for work in developing countries. IR was used to monitor extraction of the template 

from the MIP cavities. 

IR measurements are fast and straightforward and, as shown via the earlier example, there is 

certainly scope for this technique to be used for high-throughput screening for the performance 

of MIPs. 

3 MIP Morphologies 

In the early years of imprinting, the most common approach involved free radical 

polymerization, often achieved using azobisisobutyronitrile (AIBN). The reason this method is 

often used is due to its simplicity as it can either be initiated with UV light or increasing the 

temperature; unfortunately, given the fast chain propagation and the fact that the associated 

termination reactions are irreversible, it yields inhomogeneous cavities and particle 

size.[122] This results in MIPs with heterogeneous binding sites, with cavities directly on the 

surface and others that are partly inaccessible, which hinder the mass transfer and limit 
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selectivity. This problem has been addressed with the use of controlled polymerization 

techniques including reversible addition fragmentation chain transfer (RAFT) 

polymerization,[123, 124] ring-opening metathesis polymerization,[125] and atom transfer radical 

polymerization (ATRP),[126] which lead to particles uniform in size with homogeneous binding 

sites. In this section, we will review a couple of methodologies which improve upon sensor 

specificity. 

3.1 Use of Copolymers 

One way to improve upon the specificity and selectivity of MIPs is the inclusion of more than 

one functional monomer, resulting in what is referred to as a copolymer.[127, 128] Chullasat et. 

al.[129] demonstrated an amoxicillin detection system using a copolymer along with quantum 

dots (QDs). The resulting system proved capable of detecting amoxicillin in complex media 

such as milk and honey with a limit of detection (LoD) of 0.14 μg L−1, outcompeting the HPLC 

standards it was tested against. It was also shown that the use of copolymer MIPs can increase 

the accuracy of results against modern, industrial detection systems but also decrease the time 

taken and reduce the need for expensive infrastructure. Tunc et al.[130] demonstrated optimizing 

copolymer MIPs through synthesis and comparative testing. This provided insights into 

optimum monomer selection for the theophylline-imprinted monomers; however, planning 

monomer selection via rational design, e.g., computational modeling, would lend aid as to 

which monomers to test. Valtchev et al.[131] tested a vast range of MIPs, including six 

cofunctional monomer polymers. The study resulted in the synthesis of many significantly 

optimized MIPs for the detection of the antibiotic sulfamethoxazole in wastewater. Although 

this type of “trial by error” study is not time efficient, it does give certain, quantified values to 

the efficiencies of all the MIPs tested and shows the positive impact that using copolymers can 

have. Wang et al.[132] developed inorganic−organic cofunctional monomer-imprinted polymers 
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for fluoroquinolones in milk and observed an LoD in the ng/mL range, which exceeds the 

standards required by the EU. As sample matrices as complex as milk have benefited from the 

use of copolymers, the eventual use of copolymers for detection in other sample matrices, 

especially simple matrices such as water, would have presumptive benefits. 

3.2 Integration of Fluorescent Moiety 

Fluorescence detection of antibiotics has been a crucial analytical tool for many years because 

of its versatility, simplicity, and accuracy.[133-135] It can be used across a range of different 

recognition elements, including MIPs. However, it often requires the introduction of a 

secondary molecule to either bind to the target[136] or serve as a competitor[137] for a measurable 

fluorescent response to be obtained. Recent studies, therefore, have looked to develop MIPs, 

which are inherently fluorescent by introducing certain elements into the polymer 

itself.[138, 139] This reduces the number of preparation steps needed to analyze samples and 

allows for the polymer to be adapted to a variety of targets. There have been two primary 

focuses to achieve this functionality: QDs embedded within or surrounded by the polymer 

matrix or a fluorescent moiety copolymerized into the backbone.[140, 141] These integrated QDs 

and fluorophores typically rely on energy or electron transfer from the target molecule to 

achieve their fluorescence change (Figure 6). This transfer is strongest when the target rebinds 

into the imprinted sites as this is in closest proximity to the fluorescence element that can be 

achieved. 
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Figure 6 Formation of an MIP layer on the surface of QDs for an antibiotic, sulfadiazine (SDZ). 

The polymer layer can then have the target extracted, breaking the electron transfer between 

SDZ and the QDs, which results in a decrease in the fluorescence signal. (Reproduced with 

permission.[141] Copyright 2018, Elsevier.) 

Fluorescence quenching is most commonly seen in both cases, although enhancement can be 

facilitated by tailoring the molecular system to achieve specific interactions upon 

rebinding.[60] Shi et al. utilized CdSe QDs to introduce fluorescence into a bulk MIP for 

kanamycin.[142] An increase in fluorescence was seen for both NIP and MIP upon addition of 

kanamycin, with a greater increase seen for the latter. The fluorescence response was greatly 

influenced by composition, pH, temperature, and required optimization. The system was able 

to detect kanamycin with a detection limit of 0.013 μg mL−1 and a linear range of 0.05–

10 μg mL−1 in PBS. Furthermore, it was tested with real samples (including lake water and 

urine) and showed good recoverability of spiked concentrations of the drug. This methodology 

also utilized aptamers to increase binding affinity to the polymer layer and click chemistry to 

provide a more simplified chemical route for polymer attachment to the QDs compared with 
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conventional methods. Zhang et al. integrated ZnS QDs into a mesoporous silica network 

containing an imprinted polymer for tetracycline.[143] Quenching of the fluorescence was seen 

upon addition of tetracycline to the MIPs only, which they propose is due to an electron transfer 

between the target and the QDs. The particles showed high selectivity for tetracycline compared 

with similarly structured compounds, and an LOD of 15.0 ng mL−1 was obtained. Similar 

quenching probes for antibiotics have been produced using graphene,[144] ZnS,[145] and CdTe 

QDs,[142] yielding comparable LODs and selectivity. 

Integrated fluorophores offer a unique alternative to QDs, where the interactions between the 

fluorescent moiety and the target can be more specifically tailored.[146, 147] In addition, the use 

of heavy metal atoms can be avoided and integration into the polymer backbone significantly 

reduces leaching. However, these molecules often require a multistep synthesis and extensive 

optimization of the polymer composition as quantifying the fluorescence change requires one-

to-one interactions. Niu et al. introduced an anthracene-based monomer into MIP nanoparticles 

for the detection of tetracycline.[148] The fluorescence of the RAFT-polymerized nanoparticles 

would be quenched in the presence of the target, with the imprinted particles exhibiting a 

stronger change than the nonimprinted ones. The polymers were able to detect tetracycline at 

an LOD of 0.26 μm and were able to perform in a more complex medium (bovine serum). 

UV−vis analysis demonstrated that the underlying mechanism for quenching was based on 

electron transfer, rather than energy transfer. Sunayama et al. used attached fluorophores to 

explore the binding activities of a cephalexin-imprinted polymer.[136] The template was 

functionalized and crosslinked into the polymer network and then removed using two different 

chemical reactions. This method is unconventional compared with common imprinting 

techniques but allows for direct functionalization of the imprinting sites; in this case, two 

fluorophores were introduced via Schiff base and disulfide reactions. Ampicillin was used to 
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monitor rebinding due to solvent constraints, and an increase in fluorescence intensity was 

observed with corresponding concentrations. An LOD of 5.0 μM was observed and the 

fluorescence change was highly specific due to the nature of the interaction. Ashley et al. were 

able to produce fluorescent doxycycline-imprinted microparticles using an acrylated 

fluorescein derivative.[149] The moiety was introduced into a thin polymer layer surrounding 

FeOx nanoparticles and would exhibit quenching upon rebinding of the target. Although the 

interaction between fluorophore and target appears less specific, the polymer demonstrated 

strong selectivity toward doxycycline compared with similarly structured antibiotics based on 

fluorescence readings. Recently, our group has explored the use of a fluorescein-based MIP as 

an optical detection platform for beta lactam antibiotics. 

 

3.3 Using Redox Probes to Monitor MIP/Target Binding Phenomena 

If the target analyte is not electrochemically active, a redox-active probe can suffice for the 

detection. A redox reaction involves the transfer of electrons, which is facilitated through the 
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working of an auxiliary (counter) electrode, whereby if an oxidation process occurs at the 

working electrode, the corresponding reduction process will take place at the auxiliary 

electrode. In electrochemistry, redox probes can be used to follow interfacial changes in a 

system, such as adsorption, electrode modification, and binding phenomena. There is a vast 

array of redox probes and care must be taken when choosing one for use in characterization of 

a system or for use as an indicator for sensing applications. All of these systems are classified 

under two main categories, outer-sphere and inner-sphere redox probes, summarized by 

McCreery et al. (see Figure 7).[150] 

 

Figure 7 Flow diagram showing classification of outer- and inner-sphere probes. (Reproduced 

with permission.[150] Copyright 2008, American Chemical Society.) 

Outer-sphere probes come close to the electrode surface, but do not directly contact it, to allow 

the electrons to tunnel/hop across the solvent monolayer, and as such are only influenced by the 

electronic structure of the electrode surface. Ruthenium hexamine (RuHex) is the best example 

of a near-ideal outer-sphere redox probe; it does not exhibit any variation in electron transfer 

rate for any changes other than the electronic structure of the electrode (density of states and 

the Fermi level). Alternatively, inner-sphere redox probes require contact with the electrode 

surface to facilitate the electron transfer; as such, they are affected by both the electronic 

structure of the electrode surface and the surface chemistry at play (i.e., surface functional 

groups and adsorption sites).[151] When using MIPs as recognition elements, the desire is 

typically to record and track changes in binding phenomena between the imprinted polymers 

(typically on the surface of an electrode) and a target analyte (in solution that diffuses to the 

electrode surface and binds to the MIP). Most papers in literature combine MIPs and redox 

probes, where the use of an inner-sphere redox probe in solution is as an indirect detection 
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method, where the binding of the target to the polymer blocks the access of the redox probe to 

the electrode surface, producing a reduction in measured response. As such, the most common 

redox probe in this area of research, as an indirect detection method, is potassium 

ferri/ferrocyanide (K3/K4 [Fe(CN)6]
3−/4−). This can be done utilizing various electro(analytical) 

techniques such as cyclic voltammetry (CV),[152] electrochemical impedance spectroscopy 

(EIS),[153] and differential pulse voltammetry (DPV).[154-156] CV typically will not reach the 

same levels of detection as other electroanalytical techniques; however, the analytical response 

can be amplified by adding extra components to the system. Lian et al.[157] accomplished this 

for the detection of the antibiotic kanamycin through the addition of horseradish peroxidase and 

H2O2, where potassium ferricyanide acts as a mediator for the reaction. This reaction 

mechanism gives a large amplification in the measured current; therefore, when the electrode 

surface is blocked through the binding between kanamycin and MIP, there is large reduction in 

current as the reaction can no longer be mediated. These methodologies typically require two-

step analysis, consisting of an incubation step in the analysis solution and a subsequent 

measurement step in the probe solution, which is not ideal for production, reproducibility, and 

analysis time. 

Instead of using a free in-solution redox probe, an alternative strategy is to incorporate the redox 

probe directly into the polymer matrix. In this process, known as redox tagging, a redox probe 

such as ferrocene is attached to a moiety capable of taking part in the polymerization process. 

Mazzotta et al.[158] reported this for the detection of the antibiotic vancomycin through using 

two ferrocene-derived monomers, vinylferrocene and ferrocenylmethyl methacrylate, in 

conjunction with the solid-phase synthesis approach,[159] for the development of nanoMIPs that 

produce homogeneous binding sites and pseudomonoclonal binding properties. The direct 

anchoring of the redox probe into the polymer allows for a reduction in analysis time and a 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0152
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0153
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0154
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0156
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0157
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0158
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0159


236 

more direct interaction between the probe and target, which does not rely on diffusion of the 

probe in solution. The main drawback of using ferrocene-derived redox probes covalently 

attached to the system is a natural reduction in the current signal when cycling. As seen from 

the cyclic voltammograms in the manuscript from Mazzotta, over the course of 250 scans, there 

is a significant reduction in the measured current; this needs to be taken into account when 

developing a sensor platform using this methodology and may require significant calibration 

steps to produce a reliable system. 

4 Different MIP Production Methods 

There are many different production methods for MIPs, depending on the desired function of 

the polymer. MIPs intended for use in chromatography are usually prepared by free-radical 

polymerization, which results in the production of heterogeneous microparticles. Research into 

other MIPs has elevated their use, such as, their synthesis via solid-phase imprinting to generate 

homogeneous high-affinity nanoparticles, which have the added benefit of biocompatibility. 

The evolution has led them to compete with their biological counterparts—antibodies. In fact, 

they can also offer benefits over antibodies because they are far more stable. MIPs can be stored 

in dry conditions and ambient temperatures for many years, without loss of recognition 

capability, whereas antibodies denature rapidly unless they are kept frozen. This provides 

advantages for manufactured MIPs sensing devices as they can have appropriate shelf life for 

use outside of lab settings. In addition, MIPs are able to withstand many adverse conditions 

(heat, cold, changes in pH, etc.), which allow them to be used for a variety of in-field, real-time 

sensing applications.[156] For our interest, MIPs can easily be implemented into sensors for food 

and water analysis for antibiotics. 

One of the biggest stumbling blocks, however, for broad-scale commercial use of MIPs as 

sensors has been reproducible mass manufacture. The advent and recent development of 
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nanoparticles, and especially core−shell and gel nanoparticles, whose solubility can finely be 

tuned, is promising for the next generation of sensors.[160] Recently, photolithography has been 

used to pattern MIPs for the wafer-scale production of biochips. This technique allows for the 

control of shape and size (1.5 μm) of the patterns and the deposition of different MIPs on the 

same chip.[161] Some of the advancements to mass manufacture will be discussed later. 

4.1 Screen-Printing Techniques 

Screen printing is a well-established methodology for the mass production of 

biosensors.[162] The most common commercial example is the glucose sensor, used in the 

treatment of diabetes, that utilizes a screen-printed electrode (SPE) and is responsible for a 

billion-dollar market annually.[163] Screen printing offers the ability to mass produce disposable 

platforms that offer high reproducibility, flexibility, versatility, and high sensitivity at a low 

production cost. This technique involves the spreading of a thixotropic fluid, containing a 

mixture of predominantly graphite, solvents, and binder, through a predesigned mesh that will 

produce a printed pattern of a defined shape and size.[164] As such, as vast array of electrodes 

has been designed utilizing this methodology to produce different shapes such as 

microbands,[165] shallow recessed arrays, and[166] back-to-back sensors[167-169] and produce 

electrodes containing a wide range of constituents for various applications in 

biosensors.[170] MIPs can be incorporated into and used in conjunction with screen-printed 

platforms in a variety of ways, such as the direct formation of MIPs on the surface through 

processes like electropolymerization,[171] incorporation of MIPs into the screen-printing ink,[172-

174] or depositing onto nanomaterials decorated on the surface.[175] 

Direct formation of MIPs onto the surface of an unmodified SPE was reported by Ayankojo et 

al.,[156] who used computational modeling to choose m-phenylenediamine as their chosen 

monomer for the detection of erythromycin. In strategies such as this, where direct 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0160
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0161
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0162
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0163
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0164
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0165
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0166
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0167
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0169
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0170
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0171
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0172
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0174
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0175
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0156


238 

electrochemical detection is used, the thickness of the MIP layer becomes a priority. They 

explain that with the thinnest MIP layer deposited, a better detection signal is acquired; 

however, there is lower specificity due to nonspecific interactions, such as that directly with the 

surface. Conversely, when the layer was too thick, there was a significant decrease in the 

electroanalytical signal for both the MIP and NIP regimes. Therefore, when using MIP layers 

on SPEs, each system must be optimized for electrochemical detection. 

Electropolymerization (discussed later) is the most obvious route for MIP formation on SPE 

surfaces; however, this methodology can struggle from a limited selection of suitable monomers 

and poor scalability. Within our group, Jamieson et al.[176] reported a sensor for amoxicillin 

through the direct formation of MIPs onto the SPE surface through UV polymerization. This 

offers better prospects in terms of mass production; however, more work has to be done to 

increase the synergy between the transducer, MIP, and detection methodology. 

The enhancement of electroanalytical output for SPE platforms is typically done through the 

incorporation of nanomaterials. These materials are either incorporated in the ink, on the surface 

of the electrode, or on top of the MIP and help to overcome problems with poor conductivity 

and electroanalytical response. This can be seen in the work by Devkota et al.,[177] who reported 

a sensor platform for the detection of tetracycline, in which the formation of the MIP was 

achieved using the conductive polymer pyrrole. Following MIP formation, the polypyrrole 

layer was overoxidized, a process that while stabilizing also removes the conductivity 

associated with the polymer layer. Therefore, to increase the efficacy of the sensor, gold 

nanoparticles (AuNPs) were deposited on the surface of the MIPs. Although this helps to 

counteract the loss of conductivity, the multiple electrochemical modification steps do not lend 

the system ability for simple mass production, which is a great advantage when using SPEs. 
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This can be further seen through the work of Moghadam et al.[178] using a combination of gold 

nanourchins and graphene oxide for the detection of oxacillin. In this case, the nanomaterials 

were deposited onto the surface of the electrode prior to the MIP. Although the use of drop 

casting to modify electrodes is standard practice and scalable, using multiple drying conditions 

followed by electropolymerization and template removal provides difficult productions steps. 

Instead of multiple electrochemical functionalization steps, Dechrirat et al.[155] utilized inkjet 

printing of a nanocomposite layer, containing AuNPs and poly(3,4-

ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS), onto the surface of the SPE. 

This synergetic approach to the incorporation of nanomaterials onto the electrode allowed for 

the detection of nitrofurantoin at two orders of magnitude lower than the bare sensor platform. 

This sensor exhibited the advantages of using screen printing and MIPs in combination, 

producing a sensor platform that is both highly reproducible and stable over a long lifetime. 

4.2 Electrodeposition of MIP Layers on Transducer Surfaces 

The electrodeposition of MIPs is concerned with the immobilization or formation of MIPs 

directly onto an electrode surface using electrochemical methodology.[179] The vast majority of 

MIPs that fall into this category is electrosynthesized MIPs (eMIPS). A more detailed overview 

of this subsection of MIPs, including their formation and application to the detection of 

biologically important molecules, including antibiotics, up to 2019, can be found in a recent 

past review.[171] Briefly, the formation of eMIPs takes place through electropolymerization, 

where a polymer layer is formed upon an electrode/substrate in the presence of the desired 

template. This can be achieved through a variety of electrochemical techniques, such as 

voltammetry,[180] potentiometry,[181] and galvanostatic techniques.[182] It is vital when using this 

methodology to define the working material, counter and reference electrodes, monomer 

composition, solvent, supporting electrolyte, electropolymerization methodology, and time as 
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these variables will greatly affect the binding affinities, layer sizes, conductivities, and surface 

morphologies of the polymeric films.[183] 

Good recent examples, presenting the optimization required for the production of a sensor array 

for the detection of β-lactam antibiotics, were reported by Moro et al.[184] and Bottari et 

al.[185] Both explain the rationale behind the design of their eMIP-based sensor platform. Moro 

et al. discussed the importance of utilizing a conductive polymer (4-aminobenzoic acid, 4-ABA) 

to synergize with their chosen squarewave voltammetric (SWV) detection method and the use 

of modifiers, in this example multiwalled carbon nanotubes (MWCNTs), to enhance the 

electroanalytical properties of the device. 

The overwhelming majority of sensor platforms utilizing electrodeposition also use 

electrochemistry as their chosen detection method. This can be achieved either through indirect 

detection, such as the redox probes described earlier, or by direct detection of the binding 

between the target and recognition element. One such way to monitor the interfacial changes at 

the MIP/electrode surface is through EIS, where a change in the measured charge transfer 

resistance (RCT) can signify the binding of a target molecule. Roushani et al.[186] demonstrate 

this using a design that utilizes a combination of electrosynthesized poly(resorcinol) MIP and 

a silver nanoparticle (AgNP)/reduced graphene oxide (RGO)/aptamer system. Although this 

methodology uses a large amount of preparation steps, it was able to detect chloramphenicol 

(CAP) in milk samples. Another effective choice of monomer for antibiotic detection through 

eMIP layers, due to its ease of polymerization and favorable structure, is represented by 

resorcinol. This presents an improved chance of advantageous hydrogen bonding occurring 

between the hydroxyl groups present and the functional groups on the antibiotic molecules. 

Although electropolymerization techniques lend themselves toward fast single-sensor 
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production, it does not scale well for mass production due to the often multistep production 

schemes and varying conditions.[187] 

Electropolymerization offers a promising method of fast and varied single-sensor production; 

however, in its current form, the scalability ready for mass production of sensor platforms is 

not readily available. In particular, this production methodology does not lend itself to array 

sensor development for multiple analytes. The use and development of more conductive 

polymers with an array of functional groups will allow for great improvement on the sensor 

efficacy of eMIP-based sensor platforms for the detection of antibiotics, allowing for 

improvements in the sensitivity and selectivity. 

4.3 Grafting from/to Core−Shell Nanoparticles 

There has been considerable increase in the use of MIPs based on core−shell nanoparticles that 

can overcome the drawbacks generally associated with monoliths. The formation of thin 

imprinted polymer layers on a solid support enhances binding kinetics, mass transfer, and 

facilitates easy template removal. Among the materials used for MIP functionalization, 

Fe3O4 magnetic nanoparticles (MNPs) are most often used due to their paramagnetic properties. 

A comprehensive review on magnetic particles for MIPs in analytical chemistry, including for 

the extraction of antibiotics from environmental and food samples, is provided by Chen et 

al.[188] The use of controlled polymerization techniques allows to devise the molecular 

architecture of interest. Atom transfer radical emulsion polymerization (ATREP) was used to 

functionalize a molecularly imprinted layer for tetracycline onto magnetic particles,[189] leading 

to a material that can extract the antibiotic tetracycline with very high specificity from a food 

sample. 

AuNPs have the advantages of excellent optical, electronic, and catalytic properties[190] and are 

therefore often used for sensor applications. Gold structures combined with silica nanoparticles 
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were used for the specific detection of ENR. The presence of gold core branches[191] acted as 

intrinsic hot spots that strongly enhance the electric magnetic field, thereby significantly 

augmenting the Raman scattering and thus leading to a higher specificity. It was shown that the 

combination of silica and AuNPs increased the signal by a factor of 2 compared with the use of 

AuNPs on its own. 

It is expected that different cores, such as polystyrene micropsheres[192] and chitosan 

microspheres, which possess excellent biocompatibility, will be explored in the future. 

However, it has to be noted that the use of a thin MIP layer can limit the number of recognition 

sites, which will hamper the sensor sensitivity. Therefore, currently, the preferred method of 

choice is suspension or emulsion polymerization, which has proven to yield MIPs with high 

adsorption capacity while maintaining excellent binding kinetics. The key issues with the 

current methodology include precise controlling of the thickness, as buried templates can limit 

the extraction process, and a multistep process that is often not scalable, even though examples 

of one-pot synthesis of MIP particles are present. The group of Niu developed a range of MIP 

particles bearing hydrophilic polymer brushes via controlled polymerization[148] techniques. A 

one-pot synthesis method, based on hydrophilic macromolecular chain-transfer agent (macro-

CTA)-mediated reversible addition−fragmentation chain transfer precipitation polymerization, 

was used to prepare fluorescent MIP nanoparticles for tetracycline. The use of hydrophilic 

polymers ensured that measurements are compatible with biological samples, which enabled 

direct quantification of tetracycline in complex biological samples.[148] 

Instead of a solid support, it is possible to use as a sacrificial support matrix. The approach 

chosen by Tang et al.,[193] shown in Figure 3, demonstrates the preparation of hollow MIPs with 

fast absorption kinetics (≈10 min) for ENR. This method was used to determine the levels of 

this antibiotic in fish samples, with LoDs well below the legally maximum residual level. 
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The sacrificed support matrix, K2Ti4O9 was chosen because of its nontoxicity, low cost, and 

easy removal process. Silica is one of the popular choices as sacrificial support as the polymers 

can be embedded into the pores of the particles. The group of Moreno-Bondi[71] developed 

MIPs that were able to recognize six cephalosporin below the maximum residual levels set for 

these antibiotics in raw milk. Silica etching, in contrast, is a more time-consuming process and 

involves harsh chemicals, as the particles are treated with an ammonium hydrogen difluoride 

mixture for 24 h. A similar approach, where silica beads were functionalized with MIPs 

according to the procedure by Yilmaz et al.,[194] was used to synthesize selective recognition 

elements for structurally related penicillins. The base structure of this family of antibiotics, 6-

aminopenicillanic acid, as a dummy template enabled to detect the entire class of target analytes 

from milk with high recovery rates.[195] 

4.4 Solid-Phase Imprinting: Immobilization of the Template on a Solid Support 

NanoMIPs have the potential to become cost-efficient and robust alternatives to natural 

antibodies in diagnostics. However, intrinsic problems associated with the imprinting technique 

have limited their adoption at an industry level. In particular, the most evident drawbacks are 

1) the presence of residual template in the MIP; 2) high binding site heterogeneity; and 3) 

lengthy or labor-intensive methodologies required for MIP production. 
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The solid-phase imprinting approach allows to overcome these drawbacks. In this method, the 

template is covalently immobilized on the surface of a suitable solid support (such as solid glass 

beads, magnetic particles, or similar). This support bearing the immobilized template is then 

placed in contact with the monomer mixture, and polymerization is initiated under conditions 

that promote the formation of polymeric nanoparticles. After the polymerization, the solid 

support acts as an affinity medium: by means of a temperature-based affinity step, unreacted 

monomers, oligomers, and low-affinity particles are eluted. Then, the temperature of the system 

is increased and this leads to the disruption of the stronger interactions between high-affinity 

particles and template, allowing to selectively collect high-affinity nanoMIPs only (Figure 8). 

 

Figure 8 a) Solid-phase synthesis of nanoMIPs. In this example, a protein is shown as the 

template molecule. b) Representative TEM of nanoMIPs. (Reproduced with 

permission.[207] Copyright 2018, Royal Society of Chemistry.) 

As previously demonstrated,[196] this process can be easily automated and executed in a matter 

of a few hours. Because of the affinity purification step, nanoMIPs possess high affinity and 

specificity toward their targets, exhibit a homogeneous distribution of binding site affinities, 

and do not contain any residual template (as it was covalently attached to the solid-support). 
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However, template leaching may occur if the bond used to immobilize the template onto the 

solid phase gets cleaved (usually by hydrolysis) during the elution process. 

It should be noted that high-affinity nanoMIPs can also potentially be collected by means of 

changes in pH and/or solvent. Haupt and coworkers[197] use the transition temperature of 

NIPAm to collect the high-affinity nanoMIPs, conducting imprinting at 37 °C and the elution 

at lower temperature (i.e., at 25 °C—which is below the lower critical solution temperature of 

the MIP polymer). This allows the nanoMIPs to swell, detach from the immobilized template, 

and be eluted. The proposed approach is generic in nature as virtually any molecule can be 

imprinted, and it can be conducted both in water and in organic solvents (via a UV-triggered 

process). However, the template is required to bear at least one functional group for 

immobilization on the solid phase, and this may be problematic especially for small molecules 

(<500 Da). Polymerization in the organic solvent has been successfully used to imprint small 

molecules,[196, 198, 199] whereas aqueous polymerization has proven effective for imprinting of 

peptides and proteins.[200-203] 

Several works have demonstrated that nanoMIPs produced via solid-phase imprinting can be 

used as a direct replacement for natural antibodies in diagnostic or bioanalytical assays.[199, 204-

206] 

In one such example, the solid-phase approach was used for the manufacture of these imprinted 

polymers against vancomycin.[207] They were then successfully immobilized on a novel sensor 

type capable of measuring tiny variations in temperature upon target binding. Thanks to the 

high affinity, the LoD of the sensor was lowered by three orders of magnitude compared with 

MIP microparticles developed without solid-phase extraction. Such improvement can also be 

attributed to the enhanced conductivity and increased surface area. The developed thermal 
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sensors were capable of measuring samples with a turnaround time of a few minutes (< 5), 

which potentially enable real-time detection of biomolecules. 

In a similar example, antivancomycin nanoMIPs produced by solid-phase synthesis were doped 

with ferrocene derivatives to make them electroactive.[158] This allowed the indirect 

electrochemical detection of vancomycin due to the change of redox properties of the ferrocene 

label upon binding. The authors claimed that the observed behavior is likely due to hindering 

of the electron transfer process of ferrocene in the nanoMIPs by their interaction with 

vancomycin. 

As mentioned earlier, nanoMIPs have also replaced antibodies in assays. In one such example, 

antigentamicin-imprinted nanopolymers were used in a pseudo-enzyme-linked immunosorbent 

assay assay in spiked milk,[208] as a synthetic capture antibody, whereas target detection was 

achieved in competitive binding tests with a horseradish peroxidase−gentamicin conjugate. The 

developed polymers showed superior selectivity over other antibiotics (streptomycin and 

ampicillin) and were capable of detecting gentamicin in milk at clinically relevant 

concentrations. 

5 Outlook on the Future of Commercial MIP Sensors for Antibiotics 

The straightforward approach, ease of synthesis, and, more importantly, great chemical stability 

means that MIP integration within sensors is an appealing prospect as they can function in a 

variety of different environments. In contrast, a natural receptor that might have to be used 

instead often suffers from poor stability and lower specificity to the target compounds. In our 

research scenario, where the target/analyte is an antibiotic, an antibody or receptor might not 

be available,[209] and in cases such as this, MIPs have a clear advantage over naturally occurring 

ligands. Due to their relative ease of fabrication, researchers have utilized imprinted polymers 
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for separation purposes, in the development of complex matrix pretreatment 

strategies,[210, 211] and as artificial antibodies.[196, 212-214] 

While the imprinting techniques have improved greatly over the course of the years, it is easy 

to see how their use in combination with novel smart and nanomaterials greatly benefits the 

selectivity and the specificity of the sensors as the interest in exploring the integration of MIPs 

into chemo-[215-218] and biosensors[219-222] keeps rising. As a multidisciplinary technology, the 

use of MIPs will greatly benefit from the developments in polymer and material sciences, drug, 

and environmental research: in contrast, they can be tailored to get maximum advantage from 

the existing techniques e.g., microfluidic, nanotechnology, biotechnology, and 

stimuli−responsive technology among others.[223] 

In recent years, the threat of AMR has been gathering much interest as the adverse 

consequences of such resistance are better understood. The manufacture of cheap, reliable 

sensors able to monitor antibiotic presence in a variety of environments and conditions will 

provide an avenue of determining the level of human exposure to antibiotics in our everyday 

life and what implications and impacts this may present for current and future increasing 

antibiotic resistance. The intrinsic stability of MIPs would allow for a long shelf life and 

robustness regardless of the conditions they might be used in. The adaptability of MIPs toward 

a target of interest and their accessibility make them great candidates for this very delicate and 

important task. 

Despite their unequivocal usefulness and practicability, a few factors limit the commercial use 

of MIPs, including 1) limited sensitivity of microparticles, which makes them unable to 

compete with commercial antibodies; 2) integration of MIPs into electrodes that is not an 

evident task; and 3) mass production of these sensors, which is complicated with standard 

methods of producing nanoMIPs including electropolymerization or lithographic techniques, 
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even though we have shown several examples where these problems are partially overcome. 

Currently, only a few companies are present in the market and the commercialization of MIPs 

has mostly been confined to laboratory research, mostly focused on SPE of several 

environmental contaminants.[224] 

MIPs are usually prepared in organic solvents (water affects mostly H-bond-driven template-

functional monomer equilibrium) but it has been shown that rebinding is usually more efficient 

when synthesis takes place in the same solvent used for synthesis.[225] Water and food analysis 

might thus be a challenge for the obvious presence of water; however, if practices such as taking 

hydrophilicity of monomers into consideration during monomer selection and conducting 

controlled radical polymerization to control surface modification are practiced, then, 

compatibility issues can be reduced. Another issue is the number of functional monomers 

available that are appropriate for their synthesis, which is a hurdle to overcome. However, this 

limitation has pushed several researchers to explore alternatives, including the combination of 

different monomers and the exploitation of amino acids. The issue can also be tackled by the 

design of new monomers with multiple and varied functional groups, as they can facilitate the 

ability to offer several interactions with the target, a highly desirable development at the current 

stage.[63] 

The exceptional circumstances in which the COVID-19 pandemic has significantly accelerated 

the recent growing interest in AMR have drawn the attention to the mass production of in-field 

sensors, whose main features include long shelf life, stability, and ease of use. Despite the 

increase in academic output recorded in the last 20 years, industrial application has not followed 

a similar trend mostly due to the limitations mentioned earlier. Nonetheless, the recent 

breakthroughs in the synthesis are likely to ignite interest in novel MIPs. Mass production of 

polymers imprinted with antibiotics, especially if produced using the noncovalent method and 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0224
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0225
https://onlinelibrary.wiley.com/doi/full/10.1002/pssa.202100021#pssa202100021-bib-0063
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mild temperatures, can benefit the great advantage of reusing the template and make 

sustainability a great selling point. The EU has banned animal-derived antibodies,[226] which 

boosts the appeal of MIP usage as their design and production does not require animal 

exploitation, constituting a significant ethical advantage. Moreover, their low cost and 

robustness make them a safe bet for the construction of field-deployable and in vivo sensors. 
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Molecularly Imprinted Polymers (MIPs) were synthesised for the selective detection of 

amoxicillin in aqueous samples. Different functional monomers were tested to determine the 

optimal composition via batch rebinding experiments. Two different sensor platforms were 

tested using the same MIP solution; one being bulk synthesized and surface modified Screen 

Printed Electrodes (SPEs) via drop casting the microparticles onto the electrode surface and the 

other being UV polymerized directly onto the SPE surface in the form of a thin film. The sensors 

were used to measure amoxicillin in conjunction with the Heat-Transfer Method (HTM), a low-

cost and simple thermal detection method that is based on differences in the thermal resistance 

at the solid–liquid interface. It was demonstrated that both sensor platforms could detect 

amoxicillin in the relevant concentration range with Limits of Detection (LOD) of 1.89 ± 1.03 

nM and 0.54 ± 0.10 nM for the drop cast and direct polymerisation methods respectively. The 

sensor platform utilising direct UV polymerisation exhibited an enhanced response for 

amoxicillin detection, a reduced sensor preparation time and the selectivity of the platform was 

proven through the addition of nafcillin, a pharmacophore of similar shape and size. The use of 

MIP-modified SPEs combined with thermal detection provides sensors that can be used for fast 

and low-cost detection of analytes on-site, which holds great potential for contaminants in 

environmental aqueous samples. The platform and synthesis methods are generic and by 

adapting the MIP layer it is possible to expand this sensor platform to a variety of relevant 

targets. 

Keywords: beta lactam antibiotics; amoxicillin; antimicrobial resistance; biomimetic 

sensors; Molecularly Imprinted Polymers (MIPs), Heat-Transfer Method (HTM), Screen-

Printed Electrodes (SPEs), thermal sensors 

1. Introduction 

https://www.mdpi.com/search?q=beta%20lactam%20antibiotics
https://www.mdpi.com/search?q=amoxicillin
https://www.mdpi.com/search?q=antimicrobial%20resistance
https://www.mdpi.com/search?q=biomimetic%20sensors
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The World Health Organisation has stated that antimicrobial resistant (AMR) bacteria pose 

a fundamental threat to human health due to the overuse and declining effectiveness of 

antibiotics [1,2]. Antibiotic consumption has increased 65% worldwide between the years 2000 

and 2015 [3]. The use of antibiotics in veterinary or clinical practice exerts selective pressure 

to bacteria, which accelerates the emergence of bacteria with AMR properties due to the 

accumulation of pharmaceuticals in the food chain and water systems. There are also notable 

concerns about the discharge of antibiotic waste by pharmaceutical producers, which lead to 

point-source pollution. Watkinson et al. have shown that even in a first world country such as 

Australia, there are many water systems that have a presence of beta lactam antibiotics [4]. 

Recent studies from India, one of the world’s leading pharmaceutical producers, has revealed 

excessively high concentrations of antibiotic compounds in drinking water that exceed the 

maximum regulatory limits (MRLs). This has a serious impact on vulnerable populations living 

near manufacturing facilities, with an estimate of 58,000 new-borns dying in India in these 

regions from multi-drug resistant infections [5,6,7]. The risk of these infections is considerably 

higher in developing countries, which has been attributed to the lack of optimal wastewater 

treatment facilities and high costs associated with vigilant monitoring of pharmaceutical waste 

[8]. Furthermore, while there are strict European regulations regarding MRL of pharmaceuticals 

in food products of animal origin, regulations for waste and surface water are yet to be 

implemented with currently only environmental quality standards set for a number of 

micropollutants [9]. Antibiotic residues that are most often found in aquatic environments 

belong to the classes of beta-lactams, fluoroquinolones, macrolides, sulfonamides and 

tetracyclines [10]. Current commercial screening tests for antibiotics in food and environmental 

samples either require a long response time (several hours), or are not able to selectively detect 

antibiotic compounds and solely provide semi-quantitative information. Thus, there is a strong 

need for low-cost, robust and easy to use sensors that can be used on site to determine trace 

https://www.mdpi.com/2227-9040/8/1/5/htm#B1-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B2-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B3-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B4-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B5-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B6-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B7-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B8-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B9-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B10-chemosensors-08-00005
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levels of antibiotics in aquatic systems. Many electrochemical sensors display promise in this 

respect [11,12,13]. Pellegrini et al. [14] discuss the usability of electrochemical sensors for the 

determination of antibiotics and promote their use for on-site testing due to their analysis time 

(~2 h) and small sample volume (~100 µL). These factors combined with the lack of any pre-

treatment steps required and a high level of precision give a strong indication of the 

appropriateness of this type of analysis for the desired purpose. Previous reports in literature 

have shown the ability of synthetic polymeric recognition elements, namely Molecularly 

Imprinted Polymers (MIPs), to improve the affinity and selectivity of electrochemical sensors 

[15]. Yang et al. [16] have demonstrated limits of detection in the nanomolar regime in buffered 

solutions and in spiked food samples can be achieved with MIP layers grown onto multiwalled 

carbon nanotubes. Zeinali et al. [17], use magnetic MIPs modified onto carbon paste electrodes 

combined with cyclic voltammetry to detect amoxicillin with a limit of detection of 0.26 nM. 

Betlem et al. [18] have shown the effective use for the Heat-Transfer Method (HTM) as an 

appropriate analysis technique for small molecules such as caffeine. 

The current study was built on from this work and tailored the detection system to a beta 

lactam antibiotic. We used amoxicillin in this manuscript as a case study and compared the 

sensors characteristics of microparticle modified Screen-Printed Electrodes (SPEs) to those 

functionalised with a thin film. The structures of amoxicillin and nafcillin, another beta lactam 

antibiotic used in this study to test the selectivity of the sensors, are shown in Figure 1. 

https://www.mdpi.com/2227-9040/8/1/5/htm#B11-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B12-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B13-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B14-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B15-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B16-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B17-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B18-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#fig_body_display_chemosensors-08-00005-f001
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Figure 1. Structures of amoxicillin and nafcillin. 

SPEs are often used in commercial sensors due to their high reproducibility, low-cost and 

inherent suitability for mass-production [19]. However, integration of polymer structures into 

SPEs is complicated due to their low resistance to traditional organic solvents such as 

chloroform and toluene [20]. 

In this paper, we explore two different electrode modification strategies and compare and 

contrast towards the analytical detection of amoxicillin. The SPEs are modified with MIPs in 

two manners; (i) surface modification via dropcasting of MIP microparticles suspended into 

ethanol directly onto the sensor surface along with a thin layer of polypyrrole to hold the MIPs 

in place; (ii) directly depositing of MIP thin films onto SPEs using UV polymerization. The 

disadvantage of working with MIP microparticles is the two-step (indirect) functionalisation 

process and the fact that the resulting electrodes are insulating and not compatible with 

traditional electrochemical detection. Recent work in our group has demonstrated that thermal 

analysis, in particular the Heat-Transfer Method (HTM), can provide an interesting alternative 

analysis technique that is easy to employ and provides rapid detection [21]. 

2. Experimental 

2.1. Equipment and Reagents 

https://www.mdpi.com/2227-9040/8/1/5/htm#B19-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B20-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B21-chemosensors-08-00005
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Dimethyl Sulfoxide (DMSO) was sourced from TCI (Oxford, UK). Pyrrole, amoxicillin, 

nafcillin, azobisisobutyronitrile (AIBN), trimethylolpropane trimethacrylate (TRIM), 

methacrylic acid (MAA), acrylamide (AA) and 2-vinylpyridine were sourced from Sigma 

Aldrich (Gillingham, UK). Ethanol was sourced from Fisher Scientific (Loughborough, UK). 

The orbital shaker used was a Stuart mini orbital shaker SSM1 (Staffordshire, UK). All 

experiments were carried out in Newcastle University and Manchester Metropolitan University. 

Experiments were carried out at 20 ± 1 °C unless otherwise noted. UV/Vis analysis was carried 

out on an Agilent 8453 UV-Vis spectrophotometer (Santa Clara, CA, USA). Phosphate 

Buffered Saline (PBS) tablets were purchased from Sigma (Gillingham, UK) and used to 

maintain pH level (pH = 7.4) and the ionic strength of solutions used throughout the 

experimental portion of the study. 

2.2. MIP and NIP Microparticle Syntheses 

MIPs for amoxicillin were synthesised with varying compositions, which are listed 

in Table 1. The general functionalisation procedure includes mixing of the template (0.35 

mmol) with the monomer (1.4 mmol) in 3.3 mL of DMSO. Subsequently, the crosslinker 

monomer TRIM (2.8 mmol) was added followed by the initiator AIBN (0.22 mmol). The 

mixture was sonicated and degassed with N2. Polymerization was initiated by exposing the 

samples to a UV lamp (200 mW, Polytec UV LC-S, Karlsbad, Germany) for 10–15 min. The 

obtained polymer block was washed with water and subsequently ground to obtain a fine 

powder. The template was removed by continuous Soxhlet extraction with a mixture of 

methanol and water (50/50) until UV-Vis analysis no longer showed traces of amoxicillin in 

the extract. The powders were washed with water and dried overnight under vacuum. Non-

Imprinted Polymers (NIPs) were synthesized in the same manner but without the addition of 

the template. 

 

https://www.mdpi.com/2227-9040/8/1/5/htm#table_body_display_chemosensors-08-00005-t001
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Table 1. The composition of the different Molecularly Imprinted Polymers (MIPs), listing the 

amount of template, functional monomer, crosslinker monomers, initiator and porogen used. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Batch Rebinding Experiments Evaluated with Optical Detection 

 MIP-1 MIP-2 MIP-3 

Amoxicillin 

(mmol) 

0.35 0.35 0.35 

MAA (mmol) 1.4 - - 

Acrylamide 

(mmol) 

- 1.4 - 

2-vinylpyridine 

(mmol) 

- - 1.4 

TRIM (mmol) 2.8 2.8 2.8 

Initiator 

(mmol) 

0.22 0.22 0.22 

DMSO (mL) 3.3 3.3 3.3 
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Batch rebinding experiments were performed and optical detection was used to evaluate 

the binding of amoxicillin to the MIP and NIP powders. The antibiotic concentration was 

determined by measuring the absorbance at λ = 272 nm. In each experiment, 10 mg of MIP or 

NIP powder was added to 5.0 mL of PBS solutions with amoxicillin concentrations between 

0.5–1.0 mM. The resulting suspensions were placed on a rocking table (110 rpm) for 60 min 

and subsequently filtered. The free concentration of amoxicillin (Cf) in the filtrate was 

determined by comparing the absorbance to that of a pre-determined calibration curve. 

Subsequently, the amount of bound template (Cb) was calculated by subtracting the initial 

concentration added to the solution (Ci) by the free template concentration (Cf), Cb=Ci−Cf. The 

molecule of template bound per gram (Sb) was obtained by multiplying Cb by the volume in 

litres and then dividing this by the amount of polymer used in the experiment (10 mg). The 

Imprint Factor (IF) was determined by dividing Sb for a given MIP by the Sb for the 

corresponding NIP at a Cf value of 0.5 mM [22]. 

2.4. Thin Film Polymerization 

A pre-polymerization mixture of MIP 2 was produced as described in Section 2.2. A total 

of 0.3 µL of the solution was applied onto the working electrode of the SPE and subsequently 

exposed to UV light (365 nm) for 1 min. A cover slip was placed over the droplet and it was 

exposed to UV light for a further 1 min to complete the polymerization. The functionalised SPE 

was then washed in methanol and the template extracted in deionized water (40 mL) using an 

orbital shaker (160 rpm) overnight and stored in a fresh deionized water solution until use. A 

NIP was produced using an identical protocol without the presence of the target amoxicillin. 

2.5. Electrochemical Deposition of Polypyrrole 

Electrochemical experiments were performed using a standard three electrode set up. 

Graphite Screen-Printed macroelectrodes (SPE, Manchester Metropolitan University, UK) 

[23,24] were utilised as the working electrode alongside a nickel/chromium wire auxiliary 

https://www.mdpi.com/2227-9040/8/1/5/htm#B22-chemosensors-08-00005
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electrode and silver silver chloride (Ag AgCl) reference electrode (BASi, West Lafayette, IN, 

USA). These were controlled by an Ivium Compactstat (Eindhoven, The Netherlands) 

connected to a Desktop PC (Dell, UK). The SPEs were fabricated in-house using a stencil 

design to achieve a 3.1 mm diameter working electrode using a graphite ink (Product Ink: 

C2000802P2; Gwent Electronic Materials Ltd., Pontypool, UK) and were printed using a DEK 

248 screen printer machine (DEK, Weymouth, UK) onto a polyester flexible film (Autostat, 

Milan, Italy, 250 micron thickness). The layer was cured in a fan oven at 60 °C for 30 min and 

finally, a dielectric paste (Product Code: D2070423D5; Gwent Electronic Materials Ltd., 

Pontypool, UK) was then printed onto the polyester substrate to cover the connections. The 

SPEs were then cured for an additional 30 min at 60 °C before use [25,26]. 

All electrochemical measurements were carried out at 20 ± 1 °C and using deionised water 

of resistivity ≥18.2 MΩ cm. Prior to all electrochemical measurements the solutions were 

thoroughly degassed with highly pure nitrogen for 15 min. 

MIP microparticles were dispersed in ethanol (1 mg/mL), dropcast (30 µL) onto the SPE 

surface and allowed to dry. Following this, a thin layer of polypyrrole was applied to the SPE 

surface to hold the MIPs in place. A droplet (30 µL) of pyrrole (0.1 M) in PBS was applied to 

the electrode surface. Electropolymerization was performed through chronoamperometry, 

using the three electrode system described above and applying a potential of +0.8 V for 30 s. 

The electrodes were thoroughly rinsed with deionised water and the presence of MIPs on the 

surface confirmed by Scanning Electron Microscopy (SEM) (Figure S1A). 

2.6. Scanning Electron Microscopy (SEM) 

SEM measurements were recorded on a Supra 40VP Field Emission from Carl Zeiss Ltd. 

(Cambridge, UK) with an average chamber vacuum of 1.3 × 10−5 mbar and average gun vacuum 

of 1 × 10−9 mbar. To enhance the contrast of these images, a thin layer of Au/Pd (8 V, 30 s) was 

sputtered onto the electrodes with a SCP7640 from Polaron (Hertfordshire, UK). 

https://www.mdpi.com/2227-9040/8/1/5/htm#B25-chemosensors-08-00005
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2.7. HTM Measurements with MIP-Modified SPEs 

The functionalised SPEs were cut into 1 × 1 cm squares, inserted into an additively 

manufactured/3D-printed flow cell [27] and sealed with an O-ring (RS Components, UK). 

Thermal measurements were carried out using the flow cell (Figure S2) of volume 110 µL in 

conjunction with the heat-transfer set-up which was designed in-house [28,29]. The flow cell is 

connected to a copper block which acts as a heat sink. The temperature of this block (T1) is 

controlled via a Proportional-Integral-Derivative (PID) controller. A type-K thermocouple (RS 

Components, UK) is used to measure the temperature of the sample solution (T2) 1.7 mm above 

the surface of the SPE. The thermal resistance (Rth) at the solid–liquid interface can be 

determined by dividing the measured temperature difference between the copper block and the 

solution (T1−T2) by the power provided to the heat source to maintain its 

temperature, Rth=T1−T2P. The aforementioned PID parameters can affect the power signal 

stability and therefore the sensitivity of the developed sensor. As such, the PID parameters were 

set to the optimized values determined for this heat source of P = 1, I = 14, D = 0.3 [21]. 

For all experiments, the flow cell was filled with PBS solution and the copper block was 

heated to a pre-set temperature of 37.00 ± 0.02 °C. The cell was left to stabilise for 15 min 

before a first injection of PBS was added to act as the blank measurement. Sequential amounts 

of amoxicillin (1–500 nM) were injected into the flow cell using an automated NE500 

programmable syringe pump (Prosense, Oosterhout, the Netherlands) at a flow rate of 250 

µL·min−1. Following each injection, the temperature was allowed to stabilise for 30 min, of 

which the last 10 min (600 data points) were averaged out and used to calculate the Rth. These 

experiments were carried out in triplicate to prove the reproducibility of the electrodes. The 

calculated Rth values were used to produce dose-response curves and calculate the limit of 

detection (LoD) using the three sigma method. Specificity tests were carried out by injecting 

the same concentrations of amoxicillin to an electrode modified with a NIP. Selectivity studies 

https://www.mdpi.com/2227-9040/8/1/5/htm#B27-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#app1-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B28-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B29-chemosensors-08-00005
https://www.mdpi.com/2227-9040/8/1/5/htm#B21-chemosensors-08-00005


275 

were carried out by injecting the same concentration of a competitive target, with a similar 

pharmacophore, nafcillin. 

3. Results 

3.1. Batch Rebinding Results 

First, batch rebinding experiments with MIP1-3, that have similar compositions, but differ 

in the functional monomer, were performed and are presented in Table 2. The time of the 

experiments was fixed at 1 h since after this time no increase in the binding to the MIP particles 

was observed. In each experiment, 5 mL of amoxicillin solutions in PBS (Ci = 0.5–1.0 mM) 

were added to 10 mg of the MIP particles. 

Table 2. The amount of binding for MIP and Non-Imprinted Polymer (NIP) at Cf = 0.5 mM. 

 

 

 

 

 

 

 

 

 

The results obtained from the batch rebinding experiments are presented in Table 

2 and Figure 2. It was observed that MIP 2, made of acrylamide (AA) as the functional 

monomer, exhibited a significantly higher binding affinity for the amoxicillin target compared 

to MIP 1 (based on methacrylic acid) and MIP 3 (based on 2-vinyl pyridine). In addition to this, 

Polymers 

 

Sb [µmol/g] 

 

Imprint factor 

Cf = 0.5 mM 

MIP1 43.86 1.3 

NIP1 35.09 

MIP 2 63.38 6.5 

NIP 2 9.8 

MIP 3 2.48 0.3 

NIP 3 8.47 
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at a Cf value of 0.5 mM the calculated Imprint Factor (IF) for MIP 2 was significantly higher 

than either of the other MIPs at 6.47, exhibiting the MIPs affinity efficiency compared to the 

corresponding NIP. The highest affinity MIP using AA as a functional monomer was most 

likely due to the nature of the functional groups on the monomer when compared to the structure 

of the target. These functional groups would allow self-assembling of monomers around the 

target to form the non-covalent forces necessary to hold them together [30]. On the other hand, 

2-vinylpyrdine lacks these functional groups required for binding [31]. 

 

Figure 2. Binding isotherms of the polymerised MIP/NIPs upon exposure to amoxicillin 

solutions in Phosphate Buffered Saline (PBS). MIP 1 (filled squares) and NIP 1 (hollow 

squares), MIP 2 (filled circles) and NIP 2 (hollow circles) and MIP 3 (filled triangles) and 

NIP 3 (hollow triangles). 

https://www.mdpi.com/2227-9040/8/1/5/htm#B30-chemosensors-08-00005
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Time dependent experiments were performed to determine the optimal time for rebinding. 

Readings were taken at 30 min, 2 h and 24 h after mixing MIP with target solution, resulting in 

absorbance values of 1.52, 1.51 and 1.47, respectively. This shows that there is no significant 

change over time and that 30 min is sufficient to gain an accurate representation of batch 

rebinding data. 

Figure 3 displays the selectivity presented by MIP 2, which exhibits a higher binding 

affinity towards amoxicillin than towards nafcillin. This shows that the pores in the imprinted 

polymer have a higher affinity towards their intended target even if a very similar 

pharmacophore is used, thus confirming the polymers ability to recognise the target. The NIPs 

have no significant difference in binding affinity as expected, since they do not possess the 

stereoselective cavities present in the MIP. 

 

https://www.mdpi.com/2227-9040/8/1/5/htm#fig_body_display_chemosensors-08-00005-f003
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Figure 3. Selectivity batch rebinding of MIP 2 (filled symbols) and NIP 2 (hollow symbols) 

with amoxicillin (squares) and nafcillin (circles) in PBS. 

The relevant concentration range of amoxicillin in water samples is in the low nanomolar 

range [32]. Therefore, it was decided to evaluate the performance of the sensor to discriminate 

amoxicillin from its competitor molecule in the nanomolar concentration, for which it is 

required to use a more sensitive read-out strategy such as HTM. 

3.2. Detection of Amoxicillin Using MIP Microparticles 

Bulk polymerized MIPs (MIP 2) were functionalised onto SPEs (Figure S1A) as explained 

in Section 2.5, fitted inside the flow cell (Figure S2) and connected to the HTM equipment. 

SPEs were used in this work because they can be used as disposable sensors. This aligns well 

with the use of MIPs as multiple template removals is not advised for a reproducible platform. 

The flow cell was filled with PBS and allowed to stabilise for 45 min. Then, sequential 

injections of the target analyte amoxicillin (1–500 nM) in PBS were started, allowing the system 

to equilibrate for 30 min after each injection. The raw data output obtained for these additions 

is presented in Figure 4A. Specific values for the thermal resistance (Rth) values for each 

concentration of amoxicillin were calculated using the last 10 min of each stabilisation period. 

This resulted in a value and standard deviation being calculated over 600 data points. In PBS, 

the Rth of the MIP functionalised system stabilised at a value of 5.91 ± 0.05 °C/W. Upon the 

addition of 1 nM of amoxicillin the Rth increased from this baseline value to 6.06 ± 0.05 °C/W. 

The Rth value increased further until the addition of 500 nM of amoxicillin where it stabilised 

at a value of 6.42 ± 0.06 °C/W. An identical experiment was performed using an SPE modified 

with the NIP. In this case, Rth of the NIP functionalised system stabilised at a value of 5.51 ± 

0.06 °C/W. After the addition of 1 nM of amoxicillin the Rth exhibited no statistically significant 

deviation from the baseline value to 5.55 ± 0.06 °C/W. The Rth value for the addition of 500 
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nM of amoxicillin showed a small increase due to some non-specific binding, where it stabilised 

at a value of 5.61 ± 0.06 °C/W. 

 

Figure 4. (A) The raw Heat-Transfer Method (HTM) data plot of Rth versus time for the 

addition of amoxicillin (1–500 nM) in PBS to an Screen Printed Electrodes (SPE) 

functionalised with bulk UV polymerized MIP (red) and NIP (black). (B) Comparison between 

the absolute Rth values obtained from the HTM for a MIP functionalised SPE (red circles) and 

NIP functionalised SPE (black). 
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These Rth values were plotted against the concentration of amoxicillin injected into the 

system to produce a dose-response curve, Figure 4B. This was used to calculate a Limit of 

Detection (LOD) for the bulk UV polymer system of 1.90 ± 1.03 nM. These results were found 

to exhibit a lower LOD and wider detection range than that observed in previous work on 

caffeine detection [18]. This was expected due to the limited loading of MIP when incorporated 

directly into the SPE ink in comparison to drop casting. Additionally, template bleeding is a 

problem in the use of MIP microparticles. Up to 99% of the template is removed during the 

extraction step; however, the remaining template can cause issues when ‘leeching’ out of the 

polymer matrix during measurements giving erroneous quantification [33]. The removal of MIP 

over time is of considerable concern when using a drop casting method, therefore the direct 

formation of the MIP onto the electrode surface using UV polymerisation was investigated. 

3.3. Detection of Amoxicillin Using MIP Thin Films 

Screen-Printed Electrodes (SPEs) were functionalised with amoxicillin MIPs via UV-Vis 

polymerization (Figure S1B) as described in Section 2.4. These SPEs were inserted into a flow 

cell (Figure S2) and exposed to PBS solutions containing sequential amounts of the target 

analyte amoxicillin. The HTM raw data obtained for the addition of amoxicillin (1–500 nM) 

are presented in Figure 5A. In PBS, the Rth of the MIP functionalised system stabilised at a 

value of 7.58 ± 0.05 °C/W. The increase in the Rth value compared to previous work [18,21] 

was expected due to the presence of a thicker layer of polymer present on the electrode surface, 

which in turn will increase the resistance to heat flow through the interface. Upon the addition 

of 1 nM of amoxicillin an increase in the absolute Rth value was observed from its baseline of 

7.58 ± 0.05 °C/W to 7.67 ± 0.06 °C/W. The Rth increased until the last addition of 500 nM 

amoxicillin where it reached a value of 8.16 ± 0.06 °C/W and an additional injection of PBS 

produced no significant change in the Rth. An identical experiment was performed using a NIP 

functionalised SPE where the Rth stabilised at a value of 7.59 ± 0.06 °C/W. Upon the addition 
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of 1 nM of amoxicillin to the system there was no significant change to the R th value with it 

remaining at 7.59 ± 0.06 °C/W. Once 500 nM of amoxicillin was added to the NIP modified 

SPE there was an increase in the Rth to 7.68 ± 0.07 °C/W. The increase in the Rth can be 

explained by some non-specific binding of the target molecule to the polymer on the surface of 

the SPE however, the increase is significantly less than observed for the MIP modified SPE. 

Both of these results were used to produce a dose-response curve (Figure 5B) which shows the 

improved response of the MIP based platform and was used to calculate the Limit of Detection 

(LOD) of 0.54 ± 0.10 nM. 

 

https://www.mdpi.com/2227-9040/8/1/5/htm#fig_body_display_chemosensors-08-00005-f005
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Figure 5. (A) The raw HTM data plot of Rth versus time for the addition of amoxicillin (1–500 

nM) in PBS to an SPE functionalised with a direct UV polymerized MIP (red) and NIP (black). 

(B) Comparison between the absolute Rth values obtained from the HTM for a MIP 

functionalised SPE (red circles) and NIP functionalised SPE (black). 

The selectivity of the MIP was assessed through repeating the experiment with additions 

of a molecule with the same pharmacophore and similar size, nafcillin (1–500 nM). An SPE 

functionalised with a MIP via UV polymerization directly onto the surface was placed inside 

the flow cell (Figure S1) and attached to the HTM equipment. The data collected from the 

addition of the competitor (black) was plotted alongside the previous results for the addition of 

the target molecules (red) to MIP functionalised SPEs. 

The raw data plot that was obtained is presented in Figure 6A (black) where there is a 

clear difference between the stabilised Rth values. This can be explained as the Type K 

thermocouples used in the experiment have a temperature error of up to 2.5 °C. The R th value 

of the system in PBS stabilised at a value of 6.47 ± 0.05 °C/W. Upon the addition of 1 nM of 

nafcillin, there was no observed statistically significant change in the stabilised Rth value at 6.46 

± 0.05 °C/W. Once 500 nM of nafcillin had been injected into the flow cell an increase in the 

Rth was observed from the baseline level of 6.47 ± 0.05 °C/W up to 6.60 ± 0.05 °C/W. These 

values, along with those obtained for the addition of the target molecule were used to produce 

dose-response curves, Figure 6B, showing the increase in the Rth from the baseline stabilised 

levels for both the target (red circles) and competitor (black squares). This indicated that there 

was some non-specific binding of the competitor antibiotic to the surface of the polymer. 

However, the increase was significantly lower than that observed for the injections of the target 

antibiotic, showing the high selectivity of the sensing platform. 

https://www.mdpi.com/2227-9040/8/1/5/htm#app1-chemosensors-08-00005
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Figure 6. (A) The raw HTM data plot of Rth versus time for the addition of amoxicillin (1–500 

nM, red) and nafcillin (1–500 nM, black) in PBS to an SPE functionalised with a direct UV 

polymerized MIP. (B) Comparison between the absolute Rth values obtained from the HTM for 

a MIP functionalised SPE with additions of amoxicillin (red) and nafcillin (black). 

4. Conclusions 

MIPs for the detection of amoxicillin were synthesized using bulk UV polymerisation with 

the functional monomers methacrylic acid, acrylamide (AA) and 2-vinylpyridine. Batch 
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rebinding experiments evaluated via spectroscopic methods determined that the MIPs using AA 

(MIP 2) as the functional monomer exhibited the highest recognition capability (IF = 6.47) for 

amoxicillin. Subsequently, MIP 2 was drop cast onto a SPE, fitted to the HTM and subjected 

to injections of increasing concentrations of amoxicillin (1–500 nM). An increase in the 

measured Rth was observed from the baseline of 5.91 ± 0.05 °C/W to 6.42 ± 0.06 °C/W after 

the addition of 500 nM amoxicillin for the MIP functionalised SPE; whereas, the NIP 

functionalised exhibited an Rth of 5.52 ± 0.05 °C/W and 5.61± 0.06 °C/W for the baseline and 

500 nM amoxicillin respectively. These results were used to construct a dose-response curve 

and calculate a LOD of 1.89 ± 1.03 nM. This was then compared to a system where the MIP 

was formed directly onto the SPE surface through UV polymerisation. This methodology 

dramatically reduced the preparation time and increased the reliability of the sensor through the 

attachment of the polymer to the electrode surface. An increase in the measured R th was 

observed for the addition of amoxicillin (1–500 nM) to the MIP functionalised SPE from the 

baseline value of 7.58 ± 0.06 °C/W to 8.16 ± 0.06 °C/W at 500 nM amoxicillin. The NIP 

produced a significantly smaller increase in the Rth from 7.59 ± 0.06 °C/W to 7.68 ± 0.07 °C/W 

after 500 nM amoxicillin. The dose-response curve for the MIP allowed for the determination 

of the LOD of 0.54 ± 0.1 nM which is a big improvement over the drop cast method. The direct 

UV polymerized SPE was also tested for interference from a competitive pharmacophore, 

nafcillin. This exhibited a rise in the measured Rth from of 6.47 ± 0.05 °C/W in PBS to of 6.60 

± 0.05 °C/W after 500 nM nafcillin, showing the excellent specificity the MIP sensing platform 

has for amoxicillin. 

The developed sensor platform has shown the ability to detect amoxicillin at relevant 

concentration ranges for environmentally contaminated aqueous samples. Molecular imprinting 

is versatile and by adapting the MIP, other antibiotics and pollutants can be targeted. The 

polymerisation methodology was significantly shortened in comparison to the bulk synthesis 
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method and in conjunction with the thermal set-up, offers a portable and low-cost sensing 

platform suitable for on-site measurements. 

Supplementary Materials 

The following are available online at https://www.mdpi.com/2227-9040/8/1/5/s1, Figure 

S1: (A) SEM image (2 k magnification) of MIP 2 microparticles immobilized onto an SPE 

using polypyrrole. (B) SEM image (1 k magnification) of thin film of polymer made directly 

on an SPE. Figure S2: Schematic image of the flow cell used in the experiments. The SPE is 

placed in the central chamber, which is sealed with an O-ring. The thermocouple (T2) is 

measured throughout the experiment (1 second = 1 data point). Solutions of analyte are injected 

into the inflow and the system is allowed to stabilise for 30 min before the next injection. 
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Appendix I. Published paper on a proof-of-concept- yeast sensor based on a MIP modified SPE 

 

Electropolymerised molecularly imprinted polymers for the heat-transfer 

based detection of microorganisms: A proof-of-concept study using yeast 

O. Jamieson1, K. Betlem2, N. Mansouri2, R. D. Crapnell2, F. S. Vieira3, A. Hudson1, C. E. 

Banks2, C. M. Liauw4, J. Gruber5, M. Zubko2, K. A. Whitehead4, M. Peeters1 

1 Newcastle University, School of Engineering, Merz Court, Claremont Road, NE1 

7RU Newcastle Upon Tyne, United Kingdom 

2 Manchester Metropolitan University, Faculty of Science and Engineering, John 

Dalton Building, Chester Street, M1 5GD Manchester, United Kingdom 

3 Departamento de Engenharia Química, Escola Politécnica, Universidade de São 

Paulo, Av. Prof. Luciano Gualberto, trav. 3, 380, CEP 05508-900 São Paulo, SP, Brazil 

4 Microbiology at Interfaces, Manchester Metropolitan University, John Dalton 

Building, Chester Street, M15GD Manchester, United Kingdom 

5 Departamento de Química Fundamental, Instituto de Química, Universidade de São 

Paulo, Av. Prof. Lineu Prestes, 748, CEP 05508-000 São Paulo, SP, Brazil 

 

Abstract 

In this contribution, molecularly imprinted polymers (MIPs) were electropolymerised onto 

screen-printed carbon electrodes (SPCEs) to develop specific sensors for thermal detection of 

yeast. A laboratory yeast strain free of interferents was used to optimise the polymerisation 
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procedure, whereas yeast in a complex mixture (yeast for baking) was employed to produce the 

final sensors and demonstrate proof-of-application. Two different electropolymerisation 

methods were employed, cyclic voltammetry and chronoamperometry respectively; the 

electrochemical methodology allows for controlled deposition and the ability to tailor the 

polymer surface to the required application. Infrared spectroscopy and scanning electron 

microscopy confirmed that the methods led to different structures; with cyclic voltammetry a 

high surface area was achieved, whereas for chronoamperometry a dense film was formed. 

Subsequently, these functionalised electrodes were inserted into a home-made thermal device 

that can measure the selective binding of yeast cells to the MIP layer via monitoring the thermal 

resistance (Rth) at the solid–liquid interface. 

The results of the measurements showed that MIP-functionalised electrodes produced, 

according to both methods, a significant response in thermal signal for the MIP-functionalised 

electrode, which was not the case for the reference Non-Imprinted Polymer (NIP)-

functionalised electrode. This demonstrated that thermal analysis can be employed for the 

detection of yeast, even in a complex sample such as food. To our knowledge, this is the first 

report of MIPs electropolymerised onto screen-printed electrodes for the thermal detection of 

fungi. 

The proposed approach enables the fast production of low-cost electrodes using a simple 

manufacturing procedure compatible with a portable device, implying high commercial 

potential. In the future, this could be adapted to a broad range of microorganisms including 

bacteria. 
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1. Introduction 

Microbiological contamination presents huge concerns in a wide variety of sectors throughout 

the world, such as in food and drink [1], [2], sports [3], medicine [4] and even the construction 

industry [5]. Contamination of food and drink products specifically presents huge concerns for 

both health and economic reasons [6]. Even in developed economies foodborne illness is 

commonplace, with an estimated one third of populations suffering from a type of foodborne 

illness annually [7]. The quality and safety of food is best preserved by delaying the growth of 

specific bacteria or by reducing contamination by bacterial pathogens; therefore rapid detection 

and removal of infected foodstuff is vital [8]. The majority of current detection methods for 

microorganisms are based on microbiological techniques, analytical antibody assays and 

nucleic acid-based assays, such as the polymerase chain reaction (PCR) tests [9]. All these 

methodologies require time-consuming preparation, procedures and/or measurement protocols, 

thus, development of a fast, reliable, on-site sensor platform for the recognition of 

microorganisms is of high interest to the analytical community. Commonly, antibodies are used 

as a recognition element in sensor development due to the specific recognition between the 

antibody and the target antigen, which can be released by, (e.g. virulence factors) or is present 

on the surface of the microorganism [10], [11]. However, problems with antibody-based 

sensors include high cost, high batch-to-batch variation, limited stability, and the fact that some 

antibodies still require animals for production [12], [13], [14]. 

As such, for use in a portable sensor, molecularly imprinted polymers (MIPs) have gained 

significant interest as biomimetic recognition elements capable of replacing antibodies due to 

their high affinity, low production cost and superior chemical and thermal 

stability [15], [16], [17]. They can be produced using a wide range of monomers and synthetic 

methodologies, leading to a vast array of sensitive and selective recognition elements [18], [19]. 

They have been shown to produce highly specific sensing platforms in conjunction with 
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optical [20], electrochemical [21] and thermal [22] detection methodologies. MIPs epitomise 

versatility in respect to target sensing. With optimisation, they can be utilised for the detection 

of a significant breadth of targets, ranging from small molecules to proteins and 

cells [23].Whilst the present study demonstrates detection of yeast, there is promise to 

extrapolate the protocol to other targets, potentially even antimicrobial resistant (AMR) 

bacteria, in a bid to fight the critical issues posed by AMR. Thermal detection strategies have 

been relatively unexplored; when simply measuring the temperature such as with thermistors, 

it is difficult to require the level of specificity required for biomarker sensing. However, there 

has been promise in using the Heat-Transfer Method (HTM) which detection principle is based 

on measuring changes in heat transfer at the solid–liquid interface due to its low-cost, fast 

analysis, and ability to measure different markers by changing the functionalised interface. 

MIPs can be combined with the HTM as a read-out technique and have been shown to produce 

sensor platforms suitable for the detection of small molecules [24] and proteins [25], [26], as 

well as for the monitoring of the growth of microorganisms such as yeast and Staphylococcus 

aureus in nutrient rich media [27], [28]. Quantitative detection of microorganisms based on 

analysis of heat-transfer at the solid-interface provides significant challenges due to the inherent 

differences in size and shape of the microorganisms within a population. The selective detection 

of the presence of yeast cells has been reported previously using surface imprinted polymers 

(SIPs) combined with HTM [29], [30]. One significant drawback of using these SIPs is the 

production time, which can take as long as 18 h. In this manuscript, we explore the use 

of electropolymerisation which significantly reduces the manufacturing process of 

the biosensor to minutes, in addition to forming the MIP layer directly onto the surface of 

the transducer [31]. There have been multiple reports on conductive and non-conducive 

polymer MIPs for various transducers including glassy carbon electrodes 

(GCE) [32], [33], [34], gold [35], [36], [37] and screen-printed carbon electrodes 
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(SPCE) [38], [39], [40]. The latter are attractive options due to the ability to mass produce such 

sensors, in addition to their reliability, flexibility and low-cost [41], [42]. Previously, we have 

shown that SPCEs can be used as substrates for the deposition of MIP particles for the detection 

of antibiotics [43] or have the MIP microparticles directly incorporated into the screen-printing 

ink [44]. Polypyrrole (PPy) is a commonplace monomer when considering the application of 

MIP synthesis in respect to electrochemical means due to its conductivity. Ramanavicius et. 

al [45] displayed the use of PPy for a detection sensor for bisphenol S through the use of 

functionalised glass. The produced polymers displayed sensitivity as low as 0.7–12.5 µm and 

displayed promising selectivity trends when compared to related compounds such as bisphenol 

C. The use of electrochemical polymerisation over oxidation polymerisation is favoured due to 

ease and speed of the synthesis process in addition to facilitating direct deposition onto 

conductive surfaces [46]. The imprinting of larger biomacromolecules, including proteins and 

microorganisms, can be complicated since these contain a myriad of potential binding sites. 

Hence, it is often required to use combination of monomers to achieve selective binding, which 

can be a time-consuming process without the use of computational modelling tools. Different 

strategies to develop MIPs for electrochemical sensing of biomarkers and larger 

macromolecules are discussed in Ref. [47]. 

In this manuscript we present a proof-of-concept that MIPs can be generated directly onto SPCE 

substrates using electropolymerisation for the detection of microorganisms, in this case yeast, 

using the HTM. Due to the low-cost and reproducible nature of the SPCEs, there is scope to use 

them as disposable sensors in the future for screening of contaminants in the food and water 

industry. 

2. Experimental 

2.1. Reagents 
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To optimise the synthesis procedure, we worked with Saccharomyces cerevisiae laboratory 

strain DLY640 originating from the Rothstein lab [48], [49] which has the advantages of not 

containing interferents such as sorbitan monostereate and ascorbic acid in commercial baker’s 

yeast. These compounds significantly interfere with analysis and mask the yeast and/or polymer 

signal and therefore a “pure” laboratory strain was used to optimise the synthesis procedure and 

enabling analysis with infrared (IR) spectroscopy and scanning electron microscopy (SEM). 

For each experiment, a fresh yeast colony was grown from a yeast extract peptone dextrose 

(YEPD) agar plate in 250 mL of YEPD broth until an optical density (OD) of at least 1.4 at 

660 nm was reached. The optical density for cell concentration was determined by UV–vis 

analysis which was carried out on a Jenway 7205 UV–visible 72 Series Diode Array Scanning 

Spectrophotometer (UK). Allinson’s Easy Bake Yeast (UK), containing Saccharomyces 

cerevisiae (7 g per sachet), sorbitan monostearate as emulsifier, and ascorbic acid as flour 

treatment agent, was used for all thermal analysis experiments to evaluate yeast detection in a 

complex sample such as food. Suspensions of yeast were prepared in sterile deionised 

water solutions, where the concentration was estimated using the optical density at 660 nm [50]. 

An optimal profilometer (Omniscan, UK) which uses a MicroXAM (phase shift) surface 

mapping microscope with an ADE phase shift (XYZ 4400 mL system) and an AD phase shift 

controller (Omniscan, UK) was used to determine layer thickness. This system was coupled to 

image analysis software Mapview AE (Omniscan, UK). 

SPCEs were produced according to a well-known procedure described in [41]. Carbon-graphite 

ink formulation (Product Code: C2000802P2; Gwent Electronic Materials Ltd, UK) was printed 

onto a standard polyester substrate and cured at 60 °C for 30 min, followed by a dielectric 

layer (Product Code: D2070423D5; Gwent Electronic Materials Ltd., Pontypool, United 

Kingdom) to cover the connections, which was also cured at 60 °C for 30 min. The pyrrole was 
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sourced from Acros Organics (Loughborough, UK), the yeast extract, peptone bacteriological 

agar bacteriological (AgarNO.1), D (+)-glucose and glycerol were all obtained from Fisher 

Scientific (Basingstoke, UK), while the adenine sulfate was purchased from Alfa Aesar 

(Heysham, United Kingdom). All other chemicals mentioned were acquired from Sigma 

Aldrich (Gillingham, UK). All experiments were carried out at 21 ± 1 °C (ambient temperature) 

unless noted differently. For polymerisation, a modified PBS solution (pH = 2) was used to 

ensure a constant iconic strength was maintained for all experiments. All other experiments 

were carried out in deionised water. 

 

2.2. MIP and NIP syntheses 

MIPs and NIPs were produced by electrodeposition. A solution of pyrrole (1 mM) in a 

phosphate buffered saline solution at pH = 2 was prepared as follows: 4 g of NaCl, 0.1225 g of 

KCl, 0.72 g of Na2HPO4 and 0.12 g of KH2PO4 were dissolved in 25 mL of deionised water 

(resistivity 18.2 MΩ cm). The solution was then acidified to pH 2 via the addition of dilute HCl. 

Yeast cells were re-suspended in 2 mL of this solution to the density of approximately 

5.0 × 106 colony forming units (CFU)/mL [28]. For the “real” yeast sample, powder from 

Allinson’s Easy Bake Yeast was suspended into deionised water solutions and the suspension 

density was determined spectrophotometrically as described in item 2.1. As the yeast was 

specialised for use in the culinary sector, it had other additives to enhance its performance. The 

addition of these additives complicates determination of the yeast cell concentration. Prior to 

using the Saccharomyces cerevisiae laboratory strain DLY640 it was recovered from cryo-

storage on a YEPD plate. Then a single colony was re-suspended in 250 mL of YEPD broth 

and grown at, 23.00 ± 0.05 °C (for approx. 48 h) to an optical density of at least 1.4 at 660 nm. 

https://www.sciencedirect.com/topics/engineering/adenine
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0140
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After growth, the yeast cells were washed 3 times with fresh YEPD, aliquoted into 2 mL 

samples containing 20% of glycerol which serves as a cryo-protector and stored at −80 °C. 

All electrochemical experiments were performed using a three-electrode set up controlled by a 

PalmSens4 Potentiostat (the Netherlands), where the working electrode was an SPCE 

(diameter = 3.1 mm), counter electrode was a nickel wire and the reference was an external 

Ag|AgCl reference electrode. The procedures were all performed at 21 ± 1 °C in solutions made 

with deionised water (resistivity no less than 18 MΩ cm). The SPCE was placed in the acidified 

pyrrole PBS solution and polymerised according to two electrochemical methods. The first 

method was cyclic voltammetry, where the electrodes were placed in solution and cycled from 

– 0.2 V to + 1.2 V at 0.1 V s−1 for 10 scans. The second method was chronoamperometry, 

where the potential was set to + 0.98 V and maintained for 100 s for polymerisation. 

The polymerised SPCEs were placed under running hot water to remove yeast cells from the 

polymer complex, SEM analysis was carried out to confirm this method of extraction was 

sufficient (see Supporting Information S-1). SEM measurements were recorded on a Supra 

40VP Field Emission from Carl Zeiss Ltd. (Cambridge, UK) with an average vacuum chamber 

of 1.3 × 10-5 mbar and average gun vacuum of 1 × 10-9 mbar. To enhance the contrast of these 

images, a thin layer of Au/Pd (8 V, 30 s) was sputtered onto the electrodes with a SCP7640 

from Polaron (Hertfordshire, UK). Furthermore, references (Non-Imprinted Polymers) were 

prepared in a similar manner except there was no addition of yeast to the pyrrole solution in 

PBS. Diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) was conducted to 

monitor polymerisation over time; the high roughness and dark colour of the electrode 

surfaces made them suitable for DRIFTS. A Thermo-Nicolet Nexus FTIR, (DTGS detector), 

fitted with a Spectra-Tech DRIFTS cell (equivalent to the current Thermo-Fisher Scientific 

Collector™ II Diffuse Reflectance Accessory) was used for this analysis. Spectra were made 

up of 164 scans with resolution set to 4 cm−1. The thickness of the polymerised film (a measure 

https://www.sciencedirect.com/topics/engineering/potentiostat
https://www.sciencedirect.com/topics/engineering/electrochemical-method
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of the extent of pyrrole polymerisation) on the electrode was proportional to the absorbance of 

the N–H stretching band at 1600 cm−1. 

 

2.3. HTM measurements of yeast with MIP-modified SPEs 

The Molecularly Imprinted Polymers polymerised SPEs (MIP-modified SPEs) were cut into 

squares (1 × 1 cm2) around the working electrode. These were pressed onto a copper block and 

mounted into a 3D printed flow cell with an inner volume of 110 µL that was designed in house, 

where a glass slide of the same size was used to create a seal. This cell was sealed off with an 

O-ring and connected to the HTM set up that is described by van Grinsven et al. [51]. The 

copper block, which serves as a heat sink, is actively steered with a Proportional-Integral-

Derivative (PID) controller. PID parameters can significantly affect the response recorded and 

therefore were kept at constant, optimised values of P = 1, I = 14, D = 0.3 [26]. 

The thermal resistance (Rth – Eq. (1)) at the solid–liquid interface was calculated by subtracting 

the controlled input temperature of the copper block (T1) from the temperature of the solution 

T2, measured at 1.7 mm above the electrode surface, divided by the power (P) given to the heat 

source to maintain the required experimental temperature. The temperature in the liquid (T2) 

was measured every second with a type K thermocouple at 1.7 mm above the chip surface.  

 

𝑅𝑡ℎ =
𝑇1 − 𝑇2

𝑃
 

Equation (1)- Description of how to calculate the thermal resistance 

 

Previous research has shown that changes at the solid–liquid interface result in a change in Rth. 

In the case of MIPs, the “pore blocking model” [52] demonstrates how binding of the target to 

https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0255
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0130
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the cavities in the polymer leads to an increase in Rth. All experiments were conducted at 

37 ± 0.02 °C, except for one experiment carried out at 50.00 ± 0.02 °C to determine if higher 

temperatures increase binding to the surface (Supporting Information S-2). However, no 

significant change in the measured Rth was found which could be due to disintegration of the 

yeast at elevated temperatures [28]. 

The MIP-modified SPE were stabilised in PBS for at least 45 min after which a second injection 

of PBS was performed to establish a stable baseline. Subsequently, at 30 min intervals, 

suspensions of increasing yeast concentrations (1.0 × 102, 1.0 × 103, 1.0 × 104, 1.0 × 105, 

1.0 × 106 and 1.0 × 107 CFU/mL) in deionised water were added into the flow cell with an 

automated NE500 programmable syringe pump (Prosense, Oosterhout, the Netherlands). The 

solutions were injected at intervals of 30 min, with an injection volume of 3 mL being injected 

with a flow rate of 1.975 mm/min. The thermal resistance was monitored over time and 

determined at each concentration. This was used to construct dose–response curves, where the 

limit of detection was calculated using the three-sigma method in the linear range of the sensor. 

To establish the specificity of the sensor platform, identical measurements were performed with 

a NIP-modified SPE. 

3. Results 

3.1. IR and SEM analyses to determine surface structure of MIP-modified SPEs 

Firstly, the formation and deposition of PPy on the surface of the electrode material was 

investigated. The substrate of choice for the final sensor platform was a SPCE; however, this 

substrate is notoriously difficult to analyse due to its large, rough surface area and high 

absorbance. Therefore, to analyse the initial deposition technique, it was first performed using 

a gold substrate. PPy layers were formed on this substrate using chronoamperometry for 

different periods of time (0, 30, 60 and 120 s) to monitor the growth of the polymer layer. This 

https://www.sciencedirect.com/science/article/pii/S2451904921001189#s0055
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0140
https://www.sciencedirect.com/topics/engineering/syringe-pump
https://www.sciencedirect.com/topics/engineering/polypyrrole


301 

was achieved by placing the electrode in the solution specified above and held 

at + 0.98 V vs. Ag|AgCl for the specified amount of time. The FTIR spectra for the different 

polymerisation times is presented in Fig. 1 A, where the increase in the peak at 1600 cm−1, 

corresponding to N–H stretching, confirms an increase in the amount of PPy on the surface of 

the electrode. The IR absorption bands of the electrode composition (e.g. the ester carbonyl 

stretch of the binder at ca. 1730 cm−1) are unaffected by the PPy [53]. As expected, the longer 

the system was subjected to the potential, the thicker the layer of PPy formed on the surface as 

seen by the increase in absorbance of the peak. 

https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0005
https://www.sciencedirect.com/topics/engineering/infrared-absorption
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0265
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Fig. 1. A) FTIR result showing the generation of PPy on the surface of the electrode. B) 

White light profilometry of the PPy layer generated on the surface of the electrode. 

 

To obtain an estimate for the thickness of the layer of PPy, an Au electrode was coated with 

PPy and placed under a White Light Profilometer (Fig. 1B). While the binding kinetics for 

https://www.sciencedirect.com/topics/engineering/polypyrrole
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0005
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Au electrodes and SPCEs are different, this provided an indication of the layer thickness 

which is needed to bind the microbial cells but not too high so it hampers mass diffusion. 

As seen in Fig. 1 B, the layer was non-uniform, manifesting a rough texture and an estimated 

thickness between 1.5 and 3 µm. It is reasonable to assume that the thickness of the layer 

deposited on an SPE would be thinner than this due to the slower electrode kinetics [54]. Yeast 

cells typically range from 5 to 10 µm in size [55], therefore a slightly longer deposition time of 

100 s was chosen for sensing experiments. This would allow for the formation of cavities 

roughly 50% of the size of the yeast cells, suggesting that they would not be fully covered by 

polymer. It was important to keep the polymer layer as thin as possible, whilst still offering 

binding sites for yeast that were deep enough for the yeast to bind to through both size, shape 

and functionality. Therefore, both cyclic voltammetric and chronoamperometric deposition 

methodologies were performed and compared, Fig. 2. 

https://www.sciencedirect.com/topics/engineering/microbial-cell
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0005
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0270
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0275
https://www.sciencedirect.com/topics/engineering/deposition-time
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0010
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Fig. 2. A) Cyclic voltammograms for the formation of PPy on the surface of the SPCE 

performed at 100 mV s−1. B) SEM image for the formation of PPy patches on the surface 

of the SPCE using cyclic voltammetry. C) Chronoamperommogram for the formation 

of a PPy layer on the surface of an SPCE at + 0.98 V vs Ag|AgCl for 100 s. D) SEM 

image for the formation of a PPy layer on the surface of an SPCE using 

chronoamperometry. 

 

As can be seen in Fig. 2, there were significant differences observed in the polymeric coverage 

when using cyclic voltammetry (CV) and chronoamperometry (CA). When using CV, Fig. 2A, 

the formation of PPy on the surface begins following the oxidation of the pyrrole monomer on 

the first scan. The formation of PPy can be tracked by following the decrease in the current on 

the oxidation scan due to the polymerisation of monomeric pyrrole into polypyrrole. This was 

confirmed via SEM, Fig. 2B, where patches of polymer can be seen although there is not a 

uniform coverage across the SPE surface. In comparison, when using CA, Fig. 2C, a greater 

coverage of polymer was observed on the surface, Fig. 2D. This was expected as while CA is 

run, polymer was continuously formed since it is at the oxidation potential; however, when CV 

was used the polymer was only formed when the potential was raised above the required 

oxidation potential of the monomer [56]. Both of these polymer systems were then used for the 

detection of yeast cells. This preparation method, whilst presently being used for thermal 

detection, could be suitable for electrochemical detection such as electrochemical impedance 

spectroscopy or differential pulse voltammetry. However, it has to be noted that thick layers are 

needed for microorganism detection which can hamper electrochemical detection and thermal 

https://www.sciencedirect.com/topics/engineering/polypyrrole
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0010
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0010
https://www.sciencedirect.com/topics/engineering/pyrrole
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0010
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0010
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0010
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0280
https://www.sciencedirect.com/topics/engineering/polymer-system
https://www.sciencedirect.com/topics/engineering/electrochemical-impedance-spectroscopy
https://www.sciencedirect.com/topics/engineering/electrochemical-impedance-spectroscopy
https://www.sciencedirect.com/topics/engineering/differential-pulse-voltammetry
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analysis we can make use of the full surface, including the non-conductive binder, which is 

expected to enhance the signal response. 

 

3.2. Thermal resistance measurements for yeast using MIP-modified SPCEs 

HTM allows for the monitoring of changes occurring at the solid–liquid interface through the 

change in measured thermal resistance. As such, PPy formed via both CV and CA imprinted 

with yeast cells was electrochemically deposited on the surface of SPCEs as described above; 

after which, the yeast cells were removed leaving specific associated cavities. SPCEs were 

chosen as the substrate for these sensing experiments as they offer ease of preparation for the 

MIPs due to the inclusion of counter and reference electrode in addition to a significant 

reduction in cost compared to other commonly used electrodes such as gold and glassy carbon. 

The functionalised SPCEs were then inserted into the flow cell presented in Fig. 3 A and sealed 

with a rubber O-ring and copper block. The copper block temperature was set to 37 ± 0.02 °C, 

in line with previous studies on proteins and real-time monitoring of organisms [26], [27]. To 

demonstrate proof-of-concept, a MIP-modified electrode produced 

with Saccharomyces cerevisiae laboratory strain DLY640 was measured (Supporting 

Information S-3). The electrode was stabilised in a buffered solution after which a suspension 

of Saccharomyces cerevisiae in PBS (1.0x107 CFU/mL) was added. A sharp increase in the 

thermal resistance was observed, which is due to binding of the yeast cells on the surface. 

Washing with the buffered solution did not change the signal, indicating that the yeast cells 

were firmly bound into cavities. 

https://www.sciencedirect.com/topics/engineering/glassy-carbon
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0015
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0130
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0135
https://www.sciencedirect.com/topics/engineering/cerevisiae
https://www.sciencedirect.com/science/article/pii/S2451904921001189#s0055
https://www.sciencedirect.com/science/article/pii/S2451904921001189#s0055
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Fig. 3. A MIP-modified electrode (prepared with laboratory strain of yeast) was 

mounted into the HTM set up and stabilised in a standard PBS solution (pH = 7.4). 

While there is some minor drift in the signal, addition of a suspension of yeast 

(1.0 × 107 CFU/mL) in PBS led to a significant increase in the thermal resistance due 

to binding of yeast in the activities on the surface. This provided proof-of-concept and 

in following experiments, yeast from a complex mixture was considered. 

 

Subsequently, we moved towards the yeast in a complex sample to further evaluate the 

specificity of the sensor platform. Initially, comparisons in the sensing proficiency for both the 

CV and CA MIPs were explored. An initial test was carried out to draft any initial insight to the 

function of the detection system. Fig. 3 displays a simplistic sample run of a single injection of 

complex yeast solution (followed by a PBS washing injection). A significant increase in thermal 

resistance gave a indiczation that the yeast adhered to the polymer and thus provided the first 

demonstration of the systems abilities. 

https://www.sciencedirect.com/topics/engineering/thermal-resistance
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0015
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The same procedure was used for both systems. The MIP SPE is mounted onto an O ring which 

upon the flow chamber, a copper block acting as the heat sink is placed on top and screwed in 

to consolidate the seal on the flow chamber. A blank solution of deionised water was injected 

to fill the flow cell, and the system allowed to reach a stable temperature for 45 min. The 

baseline Rth value was calculated from the average of the final 600 data points (10 min) prior 

to the injection of the first concentration of yeast cells. Following this 3 mL of the lowest 

concentration of yeast cells (102 CFU/mL) was injected into the flow cell, indicated by the sharp 

vertical line in the raw data plots in Fig. 4. This sharp increase in the Rth was due to the injection 

of room temperature liquid (~20 °C) into the system at 37 °C. After the injection was 

completed, the Rth was left to stabilise for 30 min before the next injection of analyte, thus 

facilitating calculation of the Rth from the last 600 data points of each stabilisation period. 

https://www.sciencedirect.com/topics/engineering/o-rings
https://www.sciencedirect.com/topics/engineering/deionized-water
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0020
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Fig. 4. A) Schematic diagram of the flow cell used throughout the thermal 

measurements in this work, comprising of a single thermocouple inserted into a main 

chamber with a flow inlet and outlet. B) HTM raw data plot of the measured 

Rth versus the time for sequential additions of yeast cells (102-107 CFU/mL) to a MIP-

coated SPCE produced using CV. C) Plot of the change in measured Rth against the 

concentration of added yeast cells to a HTM set-up with both a MIP and NIP coated 

SPE. 

 

https://www.sciencedirect.com/topics/engineering/thermocouples
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For the CV based MIP the baseline stabilised at a value of calculated to be 5.20 ± 0.03 °C/W. 

After the addition of yeast cells (1 0 2) CFU/mL the measured Rth increased to 

5.24 ± 0.03 °C/W. It continued to rise after further additions of yeast cells in higher 

concentrations, which was attributed to the binding of yeast cells to the MIP layer on the SPE 

surface, making transfer of heat across the interface polymer/solution more difficult. For the 

final addition of yeast to the system, Rth reached 5.61 ± 0.03 °C/W which represents an overall 

increase of 8 ± 1% in the Rth. Then, the system was injected with a blank solution of DI water 

and no significant increase in the measured Rth (5.62 ± 0.03 °C/W). This indicated that the 

change in the Rth was due to the presence of yeast cells binding to the MIP layer on the SPE 

and that washing with water did not cause a significant amount of yeast cells to be removed. 

An image obtained with the white light profilometer is shown in Supporting Information S-4, 

demonstrating the presence of yeast on the surface after HTM measurements with a MIP-

modified electrode. 

In contrast to this, the NIP-modified electrode showed little changes in the measured Rth for any 

injection of yeast into the flow cell, Fig. 3C, up to 106 CFU/mL. This indicated that the binding 

of yeast cells to the electrode surface was specific for the MIP platform and did not rely on non-

specific adsorption to the surface of the polymer. 

In comparison to the CV prepared platform, when CA was used the baseline stabilised at a value 

of 6.49 ± 0.03 °C/W, which was a higher value than that seen for CV based MIPs. This was 

expected due to the thicker, more uniform coverage of polymer across the SPCE surface 

increasing the resistance to heat-transfer across the system. For the MIP, there was an increase 

in the Rth for every addition of increased concentration of yeast until the final addition of 

107 CFU/mL where the Rth stabilised at a value of 6.87 ± 0.04 °C/W. In the case of the NIP, 

there was an initial rise in the measured Rth; however, this then reduced back to the baseline 

level. 

https://www.sciencedirect.com/science/article/pii/S2451904921001189#s0055
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0015
https://www.sciencedirect.com/topics/engineering/electrode-surface
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Fig. 5. A) Plot of the percentage change in the measured Rth against the concentration 

of added yeast cells to a HTM set-up with both a MIP and NIP coated SPCE using 

chronoamperometry. B) Plot comparing the percentage change in Rth for the MIP 

platforms produced by chronoamperometry and cyclic voltammetry. Error bars relate to 

the standard deviation of the experiment. 

 

Further indication of yeast binding can be gained from Fig. 5, an image captured from a white 

light profilometer clearly shows yeast cells upon the surface of the MIP. This image being 

capture after the final injection of PBS shows that the yeast cells are not merely settled upon 

the surface but bonded to it.  

https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0025
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Fig. 6. Measurements with the white light profilometer of a MIP-modified electrode 

after HTM measurements confirmed the presence of yeast on the surface. 

 

Both the CV and CA production methods produced a system capable of detecting the 

presence of yeast in the system when the MIP was present and showed minimal or no 

response when the NIP was present. The CV produced system exhibited a higher 

specificity between MIP and NIP, where the limit of detection was determined at the 

three-sigma method. For the system with CV, a limit of detection was determined of 

10^ 1.25 ± 0.09 CFU/mL, whereas this compared to a limit of detection of 10^ 

1.12 ± 0.07 CFU/mL for CA, which are well below the concentrations found in the 

brewing process of ~ 10^4–10^6 CFU/mL [57]. The data in Fig. 4B confirm that at low 

concentrations the response is similar whereas the polymers produced using CV have 

higher response at higher concentration, suggesting a higher binding capacity. This 

could be due to higher surface area of the electrodes produced in this manner, although 

https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0285
https://www.sciencedirect.com/science/article/pii/S2451904921001189#f0020


312 

for detection of macromolecules it would normally be preferred to have a dense layer 

covering the surface to minimise non-specific binding by similar microorganisms 

or interferents from the matrix structure. Issues associated with MIP synthesis for 

larger biomolecules has been widely reported on. Whether it is the challenges faced by 

protein imprinting due to their poor structural resilience and restricted synthetic 

routes [47] or the obstacles of cell (e.g. yeast) imprinting such as the complexity and 

fragility of cells, coupled with their fluidity [58]. This study joins the founding insight 

into the future ease of application of MIPs to templates of a significantly larger size and 

more complex physical state. In the future, more work on understanding the surface 

structure of electropolymerised MIPs is needed to understand how it impacts on the 

specificity and selectivity of binding of macromolecules. 

4. Conclusions 

MIPs and reference NIPs for the detection of yeast were deposited onto SPCEs using 

cyclic voltammetry and chronoamperometry. To optimise the synthesis procedure, MIPs 

were prepared using at Saccharomyces cerevisiae laboratory strain DLY640 which is free 

from interferents, allowing to study the layer thickness and surface structure by using IR 

and SEM analysis. It was shown that with cyclic voltammetry a “patch-type” structure was 

formed, with polymer mainly forming around the ridges of the SPCEs. In contrast, if CA 

was used, a thick homogeneous coating was formed with an estimated layer thickness of 

several microns, which is sufficient to incorporate the yeast cells. SPCEs coated with both 

methods were mounted into our home-made thermal device, where the response of the 

thermal signal was used to monitor binding of yeast from a commercial baker’s yeast sample 

(Allinson’s Easy Bake) to demonstrate proof-of-concept. A significant response in 

the thermal resistance was observed from the MIP, contrary to reference NIP electrodes, 

demonstrating the change in signal was due to binding of yeast in the imprinted cavities. 

https://www.sciencedirect.com/topics/engineering/interferents
https://www.sciencedirect.com/topics/engineering/matrix-structure
https://www.sciencedirect.com/topics/engineering/biomolecule
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0235
https://www.sciencedirect.com/science/article/pii/S2451904921001189#b0290
https://www.sciencedirect.com/topics/engineering/cerevisiae
https://www.sciencedirect.com/topics/engineering/interferents
https://www.sciencedirect.com/topics/engineering/thermal-resistance
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Electrodeposition of MIPs onto the SPCEs led to sensors with similar levels of detection 

attained,; however, the polymers produced using CA had a higher binding capacity. These 

levels of detection are within the relevant range in the brewing industry, suitable for in-situ 

monitoring in fermenters, or to determine the yeast presence in food samples [59]. This 

preparation method could be suitable for electrochemical detection such as EIS (along 

with pore blocking theory) or using DPV. The change in electrochemical impedance or 

reduction in obtained signal using other methods will be highly dependant on many factors 

not only layer thickness (electrolyte, deposition method, electrode, adhesion all play roles). 

This means the thermal detection method Is more flexible and requires less optimisation. 

Could just mention that a comparison could be interesting for future work. The advantage 

of the method proposed in this project is that it is fast, low-cost, and portable, providing it 

with high commercial potential, and demonstrating that analysis of heat-transfer analysis 

can play a vital role in the biosensor community. Due to the versatility of the molecular 

imprinting technology, in the future this can be expanded to other relevant objects such as 

macromolecules, bacteria and eukaryotic cells which will open many other applications 

beyond the food industry. 
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