
 

 

 

Development of Molecularly Imprinted Polymer-based
sensing platforms for health and environmental
applications
Citation for published version (APA):

Caldara, M. (2023). Development of Molecularly Imprinted Polymer-based sensing platforms for health
and environmental applications. [Doctoral Thesis, Maastricht University]. Maastricht University.
https://doi.org/10.26481/dis.20231122mc

Document status and date:
Published: 01/01/2023

DOI:
10.26481/dis.20231122mc

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 29 Apr. 2024

https://doi.org/10.26481/dis.20231122mc
https://doi.org/10.26481/dis.20231122mc
https://cris.maastrichtuniversity.nl/en/publications/766698e2-4887-4e09-a1a8-31ecabb0876e


Development of Molecularly Imprinted 
Polymer-based sensing platforms for health 

and environmental applications 



The research work presented in this thesis was conducted at the Sensor Engineering 
department, Faculty of Science and Engineering, Maastricht University. 

The research work presented in this thesis was supported by the European Regional 
Development Fund through the Saber Print project, funded by the Interreg VA 
Deutschland-Nederland program, grant number 144277. Part of the work presented 
was also supported by the Interreg Euregion Meuse-Rhine, project “Food Screening 
EMR” (EMR159), funded by the European Regional Development Fund of the 
European Union. 

ISBN: 

Cover Design: Manlio Caldara 

Layout: ProefschriftMaken 

Printing: ProefschriftMaken 

© 2023 by Manlio Caldara 

All rights reserved 

No part of this publication may be reporoduced, stored in a retrevial system, or 
transmitted in any form or by any means, electronic, mechanical, photocopying, 
recording or otherwise, without the prior permission in writing from the author. 



Development of Molecularly Imprinted 
Polymer-based sensing platforms for health 

and environmental applications 

DISSERTATION 

to obtain the degree of Doctor at Maastricht University,
on the authority of the Rector Magnificus,

Prof. dr. Pamela Habibović
in accordance with the decision of the Board of Deans,

to be defended in public 
on Wednesday 22 November 2023 at 16:00 hours

by 

Manlio Caldara 



Supervisors: 
Dr. Bart van Grinsven 
Prof. dr. Thomas J. Cleij

Co-supervisor: 
Dr. Kasper Eersels

Assessment Committee: 
Prof. dr. Romano Orrù (Chair)
Dr. Matthew B. Baker
Prof. dr. Wim Deferme (Hasselt University)
Dr. Carmen López Iglesias 
Prof. dr. Patrick Wagner (KU Leuven University) 



Table of Contents 
Chapter 1 ................................................................................................................................................. 9 

Introduction ............................................................................................................................................. 9 

Introduction to Biosensors .............................................................................................................. 10 

Biological Sensing Elements ............................................................................................................ 11 

Molecularly Imprinted Polymers ..................................................................................................... 15 

Imprinted Polymer-based Sensing Platforms .................................................................................. 18 

Aims and Outlines ............................................................................................................................ 20 

References Chapter 1 ....................................................................................................................... 22 

Preface to Chapter 2 ......................................................................................................................... 32 

Chapter 2 ............................................................................................................................................... 33 

Recent Advances in Molecularly Imprinted Polymers for Glucose Monitoring: From Fundamental 
Research to Commercial Application ..................................................................................................... 33 

Introduction ..................................................................................................................................... 35 

Production Methods of MIPs for Glucose Detection ...................................................................... 40 

Readout Technologies Employed for MIP-Based Glucose Detection ............................................. 49 

Promising MIP-Based Technologies for Glucose Sensing ............................................................... 55 

Conclusions ...................................................................................................................................... 58 

References Chapter 2 ....................................................................................................................... 59 

Preface to Chapter 3 ......................................................................................................................... 72 

Chapter 3 ............................................................................................................................................... 73 

Thermal Detection of Glucose in Urine Using a Molecularly Imprinted Polymer as a Recognition 
Element .................................................................................................................................................. 73 

Introduction ..................................................................................................................................... 75 

Materials and Methods ................................................................................................................... 79 

Results and Discussion ..................................................................................................................... 82 

Conclusions ...................................................................................................................................... 95 

References Chapter 3 ....................................................................................................................... 96 

Preface to Chapter 4 ....................................................................................................................... 100 

Chapter 4 ............................................................................................................................................. 101 

A Molecularly Imprinted Polymer-Based Thermal Sensor for the Selective Detection of Melamine in 
Milk Samples ........................................................................................................................................ 101 

Introduction ................................................................................................................................... 103 



Materials and Methods ................................................................................................................. 105 

Results and Discussion ................................................................................................................... 108 

Conclusions .................................................................................................................................... 116 

References Chapter 4 ..................................................................................................................... 117 

Preface to Chapter 5 ....................................................................................................................... 122 

Chapter 5 ............................................................................................................................................. 123 

Deposition Methods for the Integration of Molecularly Imprinted Polymers (MIPs) in Sensor 
Applications ......................................................................................................................................... 123 

Abstract .......................................................................................................................................... 124 

Introduction ................................................................................................................................... 125 

Mechanical MIP deposition ........................................................................................................... 128 

Electrochemical MIP deposition .................................................................................................... 136 

Chemical deposition ...................................................................................................................... 143 

Vacuum deposition methods ........................................................................................................ 146 

Conclusion and future outlook ...................................................................................................... 148 

References Chapter 5 ..................................................................................................................... 149 

Preface to Chapter 6 ....................................................................................................................... 168 

Chapter 6 ............................................................................................................................................. 169 

Dipstick sensor based on molecularly imprinted polymer-coated screen-printed electrodes for the 
single-shot detection of glucose in urine samples - From fundamental study towards point-of-care 
application ........................................................................................................................................... 169 

Abstract .......................................................................................................................................... 170 

Introduction ................................................................................................................................... 171 

Materials and Methods ................................................................................................................. 173 

Results and Discussion ................................................................................................................... 176 

Conclusions .................................................................................................................................... 182 

References Chapter 6 ..................................................................................................................... 183 

Chapter 7 ............................................................................................................................................. 189 

Conclusion and Outlook ....................................................................................................................... 189 

References Chapter 7 ..................................................................................................................... 193 

Summary ........................................................................................................................................ 194 

Summary (in Dutch) ........................................................................................................................ 197 

Impact ............................................................................................................................................. 199 



 
 

 
 

References Impact paragraph ....................................................................................................... 202 

Curriculum Vitae ............................................................................................................................. 203 

List of Publications .......................................................................................................................... 204 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





Chapter 1
Introduction 



10

   

 
 

Introduction to Biosensors 
Biosensors are analytical devices that make use of a biological or biomimetic recognition element in 
conjunction with a transducer to detect and quantify a specific analyte (Figure 1.1).[1] Biosensing 
devices can detect a wide range of targets in a rapid, sensitive, and selective manner,[2] making them 
a critical tool in a large variety of fields such as clinical diagnostics,[3] environmental monitoring,[4] 
drug analysis[5] and food safety.[6] 

 

Figure 1.1 Graphical illustration of a biosensor's various elements as well as the recognition 
event that occurs in biosensor devices. 

Biosensors can be engineered to detect a wide variety of analytes, including macromolecules such as 
proteins, bacteria, viruses and nucleic acids, as well as small molecules or even ions.[7] One of the key 
components of a biosensor is the recognition/receptor element, also known as biological sensor 
element; this element is able to recognise and thus bind to the target analyte, resulting in the 
generation of a signal that is then recorded and converted into a tangible signal from an appropriate 
transducer element. The recognition elements employed for the fabrication of bio sensing devices can 
be subdivided into two main categories: natural and synthetic receptors.[8,9] These receptor elements 
are able to interact with the target analyte and subsequently produce a tangible signal. The binding 
event is converted by the transducer into an electrical, optical, thermal or electrochemical signal, which 
is then amplified and analysed.[10] 

Because of their ability to detect low concentrations of analytes with high specificity and sensitivity, the 
use of biosensors has grown rapidly in recent years and has allowed the monitoring and/or early 
diagnosis of critical infections and diseases (such as COVID-19 or diabetes).[11–13] As a result, 
biosensors for different applications, including point-of-care testing, environmental monitoring, food 
quality control, and industrial process monitoring are in continuous demand in order to fulfil 
fundamental public needs.[14] Novel biosensors are constantly evolving, with new technologies and 
methods being developed to improve their performance, lower their cost, and broaden their 
applicability in a variety of settings.[15] 

 

 



11

1

 
 

 
 

Biological Sensing Elements 
The core component of a biosensor device is represented by the receptor element, which is then 
connected to an appropriate transducer technology. These receptors can be either natural or 
synthetic,[8,16,17] with both having their advantages and disadvantages in respect to the other. 

Natural receptors 

The most often employed receptor elements are natural recognition elements. Examples include, 
enzymes, antibodies, and nucleic acids, which are used every day by millions of people for immediate 
monitoring of various diseases, conditions, and contaminations.[18–21] The most used enzymatic 
biosensor is certainly represented by the glucometer, a device that uses a combination of an enzyme, 
usually glucose oxidase (GOx), deposited onto an electrode surface and an amperometric 
transducer.[22] More specifically, the enzyme GOx is able to catalyse the oxidation of glucose, when 
this reaction takes place, it produces a tangible signal that can then be measured electrochemically by 
a transducer to allow the quantification of glucose in the analysed sample. Based on the indirect or 
direct nature of the signal and on the presence or less of mediators three different generations of 
glucometers have been developed and commercialized in the last few years (Figure 1.2).[23] Many 
other enzyme-based biosensors have been developed in recent decades and are widely used for various 
applications, such as food safety monitoring,[24] pollutant detection,[25] and monitoring of various 
industrial processes.[26,27] However, the most important enzymatic sensors certainly are the 
electrochemical enzymatic glucose sensors, due to the ever-increasing interest from the scientific 
communities in developing new and more user-friendly technologies for the detection of the sugar in 
physiological samples. 

 

 

Figure 1.2 Graphical representation of the working principle of the three different 
generations of enzyme-based amperometric biosensors. Figure reproduced with permission 
from ref. [23] Copyright 2021, MDPI. 
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Another category of natural recognition elements that has seen an increasing interest worldwide in the 
past years is that of antibodies.[28,29] Antibody-based biosensors, also called immunosensors, exploit 
the well-known recognition mechanism between antigen and antibody, resulting in a high-affinity 
interaction which generates a measurable signal.[30] In the immediate aftermath of the COVID-19 
crisis, rapid tests based on antibodies capable of targeting the viral antigens of the virus have proven to 
be crucial for the detection of these viral infections and thus provide a very valuable tool against the 
still pressing crisis caused by the pandemic of COVID-19 and its variants.[31] 

Many other immunosensors targeting a broad range of targets are available on the market and are 
regularly used for various applications, such as: clinical diagnosis, environmental analysis, food analysis, 
etc. Immunosensors have been used for many years and are now considered validated and reliable 
means of analysis in these application fields. For example, an immunosensor for melamine detection in 
milk samples is employed in one of our works (Chapter 4) [32] to confirm the presence/absence of 
melamine in the milk sample tested. Overall, natural receptors are valuable sensing elements 
successfully employed in biosensors, they have allowed us to face challenging and problematic societal 
issues and they still represent an important component in most commercial devices for health and 
environmental monitoring.[16] However, they also suffer from limitations related to costs, production 
time, as well as stability in harsh environments due to their innate nature.[33] 

Several studies on the stability of GOx, for example, have shown that this enzyme is highly unstable 
when exposed to high temperature or extreme pH,[34] thus limiting the shelf-life of the biosensor as a 
whole. Another significant drawback correlated to enzymes and thus enzymatic biosensors is represent 
by their incompatibility with sterilization procedures. In addition, drawbacks related to antibodies and 
therefore immunosensors are linked to ethical issues raised for production and testing of monoclonal 
antibodies by making use of animals.[35,36] Moreover, several immunosensor-based assays require the 
storing of these biosensors in controlled temperature and conditions,[37] thus limiting the accessibility 
of the product from the end-user. 

Despite these limitations, natural receptors such as enzymes and antibodies are still extensively used 
in biosensors, especially in applications requiring high specificity and sensitivity. In recent years, the 
development of synthetic receptors, such as aptamers, metal organic frameworks (MOFs), and 
molecularly imprinted polymers (MIPs), resulted in alternatives that can overcome some of the above-
mentioned limitations of their natural counterparts and permit for the sensing of an even broader range 
of target analytes.[38–40] 

Synthetic receptors 

Synthetic receptors, such as natural receptors, are designed and engineered to recognize and bind 
target analytes with high specificity and affinity. Instead of their natural counterparts, these receptors 
can be employed, as sensing elements in biosensor devices. Synthetic receptors provide several 
advantages over natural receptors, including lower cost, greater stability, and the possibility to be 
specifically tailored to recognize a broader range of target analytes, next to that their production does 
not require the use of living biological material.[41,42] 

One class of synthetic receptors are aptamers, these are short, single-stranded DNA/RNA molecules or 
oligopeptides capable of binding to a variety of targets.[43,44] Aptamers are created through a process 
known as SELEX, which stands for systematic evolution of ligands via exponential enrichment; in this 
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process, an aptamer for a specific target is carefully selected from a library of oligo nucleotides.[45] 
These synthetic receptors have numerous advantages over enzymes and antibodies, including low cost 
and the ability to be engineered for multiple targets and thus applications thanks to the SELEX 
process.[46,47] In fact, different works have reported aptasensors for a large variety of small molecules 
(e.g. adenosine,[48,49] toxins[50]) but also larger entities, such as proteins, like thrombin,[51] and even 
bacteria.[52,53] One of the main drawbacks associated to aptamers is their susceptibility in certain 
environments, they can be degraded by nucleases and present a low thermal stability, which can affect 
their rebinding properties, especially in biological media.[54] 

Another type of synthetic receptor that is gaining popularity in biosensing applications is metal-organic 
frameworks (MOFs).[55] MOFs are synthetic materials formed by metal ions or clusters that form a 
porous and crystalline network.[56] These networks allow for interaction with analytes, resulting in 
changes in optical, electrical, or mechanical properties of the MOF.[57] The detection of small 
molecules such as volatile organic compounds (VOCs) is one example of the use of MOFs as sensing 
elements in biosensors; more specifically, a fluorescent MOF-based sensor has been developed for the 
detection of ammonia gas.[58] MOFs have also been used in conjunction with GOx to detect glucose. 
The enzyme catalyses the formation of hydrogen peroxide, which reacts with a dye in the MOF material, 
resulting in an observable colour change.[59] Despite their numerous potential benefits, metal-organic 
frameworks (MOFs) have a few drawbacks that should be considered. In several cases, these synthetic 
receptors do not display good stability in aqueous solutions or at variable pH values,[60,61] limiting the 
spectrum of applications of MOFs-based biosensing devices. Furthermore, the metal ions utilized in 
their synthesis or the release of organic ligands during their degradation may make these materials 
potentially toxic.[62,63] This can represent an important limitation for different biomedical 
applications, such as the development of wearable or invasive MOF-based technology. Lastly, another 
important class of synthetic receptors that could overcome most of the above-mentioned issues related 
to natural and synthetic sensing elements are molecularly imprinted polymers or MIPs. 

Using Molecularly Imprinted Polymers (MIPs) as recognition elements in sensing applications can offer 
several advantages. These materials provide excellent selectivity and specificity for a target analyte, 
allowing it to be detected even in complex sample matrices. MIPs are extremely stable and robust, 
making them ideal for a wide range of applications and hostile conditions. Furthermore, MIPs are 
inexpensive and easy to manufacture in large quantities, making them an appealing alternative for 
commercial sensor development. Their adaptability allows them to be tailored to individual analytes, 
increasing sensitivity and affinity.  

However, despite the advantages, there are some challenges associated with MIP-based sensors. The 
synthesis of MIPs can be challenging and require optimization of polymerization conditions and 
template removal to achieve the desired rebinding capabilities. During synthesis, imprinting bias can 
occur, resulting in differences in recognition site distribution and affinity, which can affect the 
reproducibility of MIP-based sensors. Furthermore, MIPs compete with other thoroughly 
validated recognition elements, such as antibodies or enzymes. While MIPs have distinct advantages, 
the increasing availability of alternative recognition elements may have an impact on their adoption in 
the sensing sector. 

As a result, extensive commercial implementation of MIP-based sensors will likely require 
standardization and validation methods to ensure consistent and trustworthy devices, which may prove 
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challenging in particular industries. Finally, the distinct advantages of using MIPs as recognition 
elements, such as selectivity, stability, cost-effectiveness, and customizability, make them an attractive 
option for sensing applications. Despite obstacles and potential competition, increasing prospects and 
continual developments in MIP-based sensor development hold significant potential for solving 
different sensing challenges across multiple industries. MIPs can be further established as valuable 
recognition elements in sensing through standardization attempts, promoting their widespread use in 
a variety of application fields. 
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Molecularly Imprinted Polymers 
Molecularly imprinted polymers (MIPs) are a type of synthetic receptor created through a process 
known as molecular or polymer imprinting.[64] MIPs are typically formed by polymerizing one or more 
functional monomers around a template molecule, which is then removed from the polymeric network, 
leaving behind a cavity, which is complementary in shape, size, and chemical functionalities to the 
target molecule (Figure 1.3).[65,66] The resulting polymeric material can be used as a biomimetic 
sensing element to detect the target molecule both qualitatively and quantitatively.[67] 

 

Figure 1.3 Graphical representation of synthesis, extraction and rebinding steps involved in 
the molecular imprinting process. 

The reagents used for the polymerization reaction are (usually) functional monomer(s), a cross linker 
molecule and a polymerization initiator. To obtain the best rebinding capabilities, a careful selection of 
these reagents used for the MIPs production is needed.[68] The functional monomers provide the 
interaction with the template molecule via different non-covalent bonds, such as hydrophobic 
interactions, van der Waals forces and hydrogen bonding. For this reason, selecting an appropriate 
functional monomer is crucial to obtain a highly selective MIP for a determined target.[69] The most 
used functional monomers for the synthesis of these functional materials are methacrylic acid (MAA), 
acrylamide (AAM) and acrylic acid (AA) due to their capability of forming hydrogen bonds with the 
template molecule.[70] Other monomers frequently utilized for MIPs synthesis are styrene,[71] vinyl 
pyridine[72] and 2-hydroxyethyl methacrylate (HEMA).[73] These monomers are mostly used to obtain 
MIP particles via thermal or UV-initiated polymerization reactions. When the imprinted polymers is 
formed using an electropolymerization approach, different monomers are usually employed. Between 
these, pyrrole is the most popular, due to its favourable electrochemical properties that allow rapid 
formation of a polypyrrole film at relatively low potentials.[74] Other monomers employed for the 
production of electropolymerized MIPs (eMIPs) are aniline, thiophene, 3-aminophenol and their 
derivatives.[75] In Figure 1.4 the chemical structures of the most commonly employed monomers can 
be seen. 
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Figure 1.4 Chemical structures of commonly used monomers for MIPs production. 

MIPs can be manufactured using a variety of polymerization techniques. Bulk polymerization is the most 
basic approach. In this process, the monomer(s), cross-linker and template are mixed together in a small 
amount of porogenic solvent. Polymerization is then triggered with UV light or thermally to generate a 
solid block of polymer, which will then undergo an extraction process to remove the template from the 
polymeric network.[76] Another fabrication method is surface imprinting. This approach employs a soft 
lithography process to fabricate imprinted polymer layers. In this method, a template immobilized on 
a solid surface is placed on another substrate containing the pre-polymer mixture. After polymerization, 
the two substrates are separated and the result is a thin functionalized imprinted film, also known as 
surface imprinted polymers or SIPs.[77,78] Many other techniques have been investigated in recent 
years and are still being studied by researchers worldwide to improve scalability while maintaining 
reliability during the polymer production. For example, techniques such as precipitation polymerization 
and emulsion polymerization, , are commonly used to obtain more homogeneous MIP particles with a 
high surface area.[79,80] Other novel and promising approaches make use of the so-called solid-phase 
synthesis[81] or photopolymerization techniques, such as the reversible addition–fragmentation chain 
transfer (RAFT) living polymerization approach.[82] 

A key advantage of MIPs as receptor elements is that they can be engineered to recognize a target 
molecule in complex matrices such as physiological fluids or various foods and liquids. In fact, unlike 
other types of recognition elements, these polymeric materials are known to be highly resistant and 
stable under a broad range of extreme and variable conditions.[83] Due to these advantageous 
characteristics, MIPs have found applications in a wide range of areas, including biosensors, 
chromatography, drug delivery, and environmental monitoring.[84] However, there are a few 
drawbacks associated with the manufacturing of MIPs and MIP-based devices that still need to be 
addressed to unlock the full potential of these sensing elements. One challenge is the possibility of non-
specific binding from other molecules in the sample matrix, which could be limited by accurate tuning 
of reagents and their molar ratio.[85] Another essential step involved in the fabrication of these devices 
is the deposition method used to integrate these polymeric materials in different substrates.[86] As 
previously stated, in order to manufacture a biosensor device, the recognition element must be 
integrated onto an appropriate substrate, which is then in contact with a transducer capable of 
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converting the biological/chemical binding event into a tangible signal. In the case of MIPs, the 
integration process of these materials in various substrates is still in its early stages.[87] However, many 
researchers are developing fast and reproducible methods to fabricate devices with little batch-to-
batch variation, bringing MIP-based platforms closer to commercialization than ever before.[87,88] 
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Imprinted Polymer-based Sensing Platforms 
The field of molecular imprinting has made astonishing progress in the last few decades by widening up 
the range of possible target analytes and therefore increasing the fields of application for these receptor 
elements.[76] However, these materials do not possess output ability of their own and therefore need 
to be integrated in a substrate and coupled to an appropriate transducer element.[88] Obviously, the 
selected substrate will therefore condition the transducer chosen to convert the binding event. 
Imprinted polymeric materials can be subdivided in Molecularly Imprinted Polymers (MIPs) and Surface 
Imprinted Polymers (SIPs). While they both share the same concept of imprinting a molecule into a 
polymer matrix, they mainly differ in their imprinting strategy and their physical form. MIPs can be 
shaped in various forms depending on the polymerization technique employed, while SIPs are thin films 
that need to be synthesized directly onto a solid substrate (Figure 1.5).[77] The transducer technologies 
that are frequently associated with MIPs and SIPs can be divided into electrochemical, optical, mass-
sensitive and thermal devices.[89] 

 

Figure 1.5 Graphical representation of MIPs- and SIPs-based platforms and some examples 
of commonly used substrates as solid supports for imprinted polymers. 

One of the most attractive categories of MIP-based sensors is certainly represented by MIP-based 
electrochemical sensors.[90] These platforms make use of electrochemical techniques, such as 
potentiometry, amperometry, voltammetry and electrochemical impedance spectroscopy. The most-
commonly used substrates in point-of-care devices are represented by different types of electrodes, 
with growing attention given to miniaturized platforms using flexible, low-cost screen-printed 
electrodes (SPEs).[91] Unsurprisingly, electrode platforms are the preferred substrates for 
electrochemical transducers, due to their conductivity and compatibility with electronics. Most MIP-
electrochemical sensors are obtained via “in situ” polymerization onto an electrode surface and are 
employed for the electrochemical detection of several analytes.[75,92] The technique employed usually 
involves the electropolymerization of one or more monomers on the surface[93] or require a previous 
modification of the surface in order to allow the growth of the polymeric material onto it.[94,95]. 
Though many of these sensors have successfully demonstrated notable sensitivity and selectivity, these 
fabrication processes require many steps that need to be optimized and that could lead to high cost 
and poorly reproducible methods. 

MIP-based optical sensing platforms are based on the change in optical properties of MIPs upon binding 
with the target molecule. In these sensors, MIP films are typically synthesized on substrates such as 



19

1

 
 

 
 

functionalized glass,[96–98] ITO electrodes,[99] or plastic optical fibres[100,101] to produce MIP-
functionalized optical platforms. Fluorescence, absorption, surface-enhanced Raman spectroscopy 
(SERS), and surface plasmon resonance (SPR) are among the optical techniques used by these platforms 
for different applications.[102,103]. The combination of MIPs and optical transducers allows for the 
creation of label-free, real-time sensing platforms. However, as with MIP-electropolymerized films, 
further optimization and standardization of polymer film synthesis is required to improve the 
reproducibility and reliability of these sensors. 

Another readout approach used in combination with imprinted polymers is based on the detection of 
surface mass loading in, e.g. quartz crystal microbalances (QCM).[64,104] The resonance frequency of 
the crystals will change due to mass loading on their surface. This frequency change is proportional to 
the mass of the target molecule, allowing for quantitative detection of the target molecule.[105,106] 
The benefit of using the QCM technique is the ability to detect a large number of different analytes with 
little regard for other physical properties. The substrates for this readout technology are represented 
by specific electrodes for these transducers, also known as QCM electrodes,[107] onto which the 
imprinted polymers are coated. 

Another readout technology, known as the "heat-transfer method" (HTM), has emerged in the last 
decade[108] and has been successfully used in conjunction with imprinted polymers.[109,110] The 
HTM is a thermal sensing platform that has gained popularity in recent years and has recently been 
used to detect bacteria and small organic molecules using surface-imprinted polymers and MIPs.[111–
115] In short, the method can detect changes in thermal resistance across a liquid-solid interface using 
MIPs/SIPs as the receptor layer deposited between the two.[108] The thermodynamic properties of the 
receptor layer are altered when a target analyte is added to the liquid phase and is able to bind to the 
receptor, changing the thermal conduction at the solid to liquid interface.[116] The overall change is 
then recorded after exposing the receptor layers to increasing concentrations of the target, allowing 
for a quantitative analysis of the sample introduced. The substrates used for receptor layer deposition 
are made of thermally conductive materials, which greatly benefits the sensor's overall response. For 
example, polished aluminium chips,[113,117] thermocouples,[118] or screen-printed 
electrodes[119,120] are common substrates. In recent years, an intriguing proof of principle involving 
the use of a double readout technology (HTM and EIS) has been achieved by modifying the HTM setup 
with a gold wire to allow the impedimetric analysis.[111] 
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Aims and Outlines 
This thesis is a collection of peer-reviewed published chapters that investigates the development of 
MIP-based sensing platforms for clinical diagnostics and food safety analysis. 

A literature review on advances in molecularly imprinted polymers for glucose monitoring is presented 
in Chapter 2. This chapter aims to answer the question: What are the recent innovations in MIP-based 
glucose sensors and what challenges need to be addressed to develop a valid commercial alternative to 
a field predominantly occupied by enzymatic glucose sensors? This chapter provides an overview and a 
critical evaluation of the various production methods of glucose-MIPs, as well as the diverse readout 
technologies used in conjunction with MIP-based sensors, from both an academic and a commercial 
standpoint. Furthermore, potential promising approaches in terms of manufacturing and transducers 
used are discussed, In addition, potential future approaches and obstacles are outlined, which the MIP-
sensing field may encounter in an attempt to penetrate the commercial market for glucose sensing. 

One promising readout technology for glucose detection highlighted in Chapter 2 is the so-called “Heat-
Transfer Method” (HTM). As a result, in Chapter 3, the question to be answered is: Would a MIP-based 
platform coupled with and HTM transducer be suitable for glucose recognition in a complex matrix such 
as urine?  Until now, the HTM method has never been used to detect a critical biomarker, such as 
glucose, in clinically relevant samples. In this study, MIP particles were synthesized using a bulk 
polymerization method and a dummy template approach. Then, the optimized MIP particles were 
deposited onto an aluminium substrate-polyvinyl chloride (Al-PVC) via micro-contact deposition to 
fabricate a thermally conductive receptor layer. Finally, a real-life sample analysis in glucose-spiked 
human urine samples demonstrated promising linearity and sensitivity, making the developed low-cost 
platform very appealing for commercial applications and follow-up research. 

One of the key advantages of MIPs as synthetic recognition elements is that they are able to recognize 
a target in matrices where other recognition elements may suffer. Therefore, Chapter 4 targets the 
research question: Can the same production process exploited in Chapter 3 be used for the development 
of a MIP-HTM platform for the individuation of melamine-adulterated milk samples? In the previous 
chapter the thermal MIP-based platform in combination with HTM was successfully employed for 
rebinding analysis in untreated human urine samples. A field of application that could greatly benefit 
from this advantageous feature is food safety analysis. For example melamine is an adulterant molecule 
that has received increased attention as a result of its misuse in milk products, which has resulted in 
serious health issues worldwide. In Chapter 4, the fabrication process of the platform employed in the 
previous chapter was applied to manufacture a thermal MIP-based platform targeting melamine in a 
different complex matrix, such as milk. 

Though two low-cost MIP-based platforms were successfully produced using a simple mechanical MIP 
deposition onto an Al-PVC substrate, this methodology is not easily scalable, severely limiting the 
sensors' potential. As a result, Chapter 5 presents a literature review focusing on the various deposition 
methods used for the integration of imprinted polymers in sensor applications. The deposition of these 
polymers in various substrates to create a MIP-based platform is a critical step that can have a 
significant impact on the sensor's reliability, batch-to-batch variation, and thus its commercial potential. 
Different deposition methodologies are critically evaluated in this chapter, with the versatility and 
limiting factors of each approach discussed. This chapter tackles the research question: What are the 
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different deposition methods employed to integrate MIPs in sensing platforms and what are the most 
suitable deposition processes for the development of commercial MIP-based devices? 

One of the most interesting novel deposition approaches discussed in Chapter 5 involves the mixing of 
MIP particles with graphitic ink and the direct screen-printing of the mixture to obtain a screen-printed 
electrode (SPE) functionalized with MIP particles as recognition element (MIP-SPE). Using this approach 
allows for the preparation of functionalized MIP-SPE platforms in a cost-effective, reproducible and 
easily scalable manner. In Chapter 6, this innovative approach is explored by using bulk MIP particles 
synthesized and optimized in Chapter 3 in order to obtain the first MIP-SPE platform for glucose 
detection with this deposition methodology. Moreover, the developed MIP-SPE sensor has proven to 
be suitable for the quantitative analysis of glucose in buffer solutions and urine samples with two 
different readout technologies, HTM and EIS. Thanks to the possibility of using this sensor with a 
handheld SPE connector and a commercial impedance analyser in a dipstick configuration, this would 
allow for the single-shot, non-invasive analysis of the glucose concentration in physiological samples. 
The question to be answered in this chapter is: Is it possible to utilise a screen-printing deposition 
method to integrate bulk MIP particles onto SPEs and would this platform be able to quantify glucose in 
urine samples with two different readout technologies? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22

   

 
 

References Chapter 1 
1. D’Orazio, P. Biosensors in Clinical Chemistry. Clin. Chim. Acta 2003, 334, 41–69, doi:10.1016/S0009-
8981(03)00241-9. 

2. Wanekaya, A.K.; Chen, W.; Mulchandani, A. Recent Biosensing Developments in Environmental 
Security. J. Environ. Monit. 2008, 10, 703,  doi:10.1039/b806830p. 

3. Justino, C.I.L.; Duarte, A.C.; Rocha-Santos, T.A.P. Critical Overview on the Application of Sensors and 
Biosensors for Clinical Analysis. TrAC - Trends Anal. Chem. 2016, 85, 36–60, 
doi:10.1016/j.trac.2016.04.004. 

4. Dennison, M.J.; Turner, A.P.F. Biosensors for Environmental Monitoring. Biotechnol. Adv. 1995, 13, 
1–12, doi:10.1016/0734-9750(94)00020-D. 

5. Yu, D.; Blankert, B.; Viré, J.; Kauffmann, J. Biosensors in Drug Discovery and Drug Analysis. Anal. Lett. 
2005, 38, 1687–1701, doi:10.1080/00032710500205659. 

6. Alocilja, E.C.; Radke, S.M. Market Analysis of Biosensors for Food Safety. Biosens. Bioelectron. 2003, 
18, 841–846, doi:10.1016/S0956-5663(03)00009-5. 

7. Ding, J.; Qin, W. Recent Advances in Potentiometric Biosensors. TrAC - Trends Anal. Chem. 2020, 124, 
115803, doi:10.1016/j.trac.2019.115803. 

8. Manhas, J.; Edelstein, H.I.; Leonard, J.N.; Morsut, L. The Evolution of Synthetic Receptor Systems. 
Nat. Chem. Biol. 2022, 18, 244–255, doi:10.1038/s41589-021-00926-z. 

9. Lavigne, J.J.; Anslyn, E. V. Sensing A Paradigm Shift in the Field of Molecular Recognition: From 
Selective to Differential Receptors. Angew. Chemie Int. Ed. 2001, 40, 3118–3130, doi:10.1002/1521-
3773(20010903)40:17<3118::AID-ANIE3118>3.0.CO;2-Y. 

10. Antunez, E.E.; Martin, M.A.; Voelcker, N.H. Porous Silicon-Based Sensors for Protein Detection. In 
Porous Silicon for Biomedical Applications; Santos, H.A.B.T.-P.S. for B.A. (Second E., Ed.; Elsevier, 2021; 
pp. 359–395 ISBN 978-0-12-821677-4. 

11. Laghrib, F.; Saqrane, S.; El Bouabi, Y.; Farahi, A.; Bakasse, M.; Lahrich, S.; El Mhammedi, M.A. Current 
Progress on COVID-19 Related to Biosensing Technologies: New Opportunity for Detection and 
Monitoring of Viruses. Microchem. J. 2021, 160, 105606, doi:10.1016/j.microc.2020.105606. 

12. Haleem, A.; Javaid, M.; Singh, R.P.; Suman, R.; Rab, S. Biosensors Applications in Medical Field: A 
Brief Review. Sensors Int. 2021, 2, 100100, doi:10.1016/j.sintl.2021.100100. 

13. Alsalameh, S.; Alnajjar, K.; Makhzoum, T.; Al Eman, N.; Shakir, I.; Mir, T.A.; Alkattan, K.; Chinnappan, 
R.; Yaqinuddin, A. Advances in Biosensing Technologies for Diagnosis of COVID-19. Biosensors 2022, 12, 
898, doi:10.3390/bios12100898. 

14. Naresh, V.; Lee, N. A Review on Biosensors and Recent Development of Nanostructured Materials-
Enabled Biosensors. Sensors 2021, 21, 1109, doi:10.3390/s21041109. 



23

1

 
 

 
 

15. Kabay, G.; DeCastro, J.; Altay, A.; Smith, K.; Lu, H.; Capossela, A.M.; Moarefian, M.; Aran, K.; Dincer, 
C. Emerging Biosensing Technologies for the Diagnostics of Viral Infectious Diseases. Adv. Mater. 2022, 
34, 2201085, doi:10.1002/adma.202201085. 

16. Turner, A.P.F. Biosensors--Sense and Sensitivity. Science (80-. ). 2000, 290, 1315–1317, 
doi:10.1126/science.290.5495.1315. 

17. Roberts, A.; Mahari, S.; Gandhi, S. Biological/Synthetic Receptors (Antibody, Enzyme, and Aptamer) 
Used for Biosensors Development for Virus Detection. In Advanced Biosensors for Virus Detection; 
Elsevier, 2022; pp. 113–131 ISBN 9780128244944. 

18. Dincer, C.; Bruch, R.; Costa-Rama, E.; Fernández-Abedul, M.T.; Merkoçi, A.; Manz, A.; Urban, G.A.; 
Güder, F. Disposable Sensors in Diagnostics, Food, and Environmental Monitoring. Adv. Mater. 2019, 
31, 1806739, doi:10.1002/adma.201806739. 

19. Kevadiya, B.D.; Machhi, J.; Herskovitz, J.; Oleynikov, M.D.; Blomberg, W.R.; Bajwa, N.; Soni, D.; Das, 
S.; Hasan, M.; Patel, M.; et al. Diagnostics for SARS-CoV-2 Infections. Nat. Mater. 2021, 20, 593–605, 
doi:10.1038/s41563-020-00906-z. 

20. Ferri, S.; Kojima, K.; Sode, K. Review of Glucose Oxidases and Glucose Dehydrogenases: A Bird’s Eye 
View of Glucose Sensing Enzymes. J. Diabetes Sci. Technol. 2011, 5, 1068–1076, 
doi:10.1177/193229681100500507. 

21. Yoo, E.-H.; Lee, S.-Y. Glucose Biosensors: An Overview of Use in Clinical Practice. Sensors 2010, 10, 
4558–4576, doi:10.3390/s100504558. 

22. Nery, E.W.; Kundys, M.; Jeleń, P.S.; Jönsson-Niedziólka, M. Electrochemical Glucose Sensing: Is There 
Still Room for Improvement? Anal. Chem. 2016, 88, 11271–11282, doi:10.1021/acs.analchem.6b03151. 

23. Schachinger, F.; Chang, H.; Scheiblbrandner, S.; Ludwig, R. Amperometric Biosensors Based on Direct 
Electron Transfer Enzymes. Molecules 2021, 26, 4525, doi:10.3390/molecules26154525. 

24. Kaur, K.; Kaushal, P. Enzymes as Analytical Tools for the Assessment of Food Quality and Food Safety. 
In Advances in Enzyme Technology, First Edition; Elsevier, 2019; pp. 273–292 ISBN 9780444641144. 

25. Rebollar-Pérez, G.; Campos-Terán, J.; Ornelas-Soto, N.; Méndez-Albores, A.; Torres, E. Biosensors 
Based on Oxidative Enzymes for Detection of Environmental Pollutants. Biocatalysis 2016, 1, 118–129, 
doi:10.1515/boca-2015-0010. 

26. Serna Cock, L.; Zetty Arenas, A.M.; Ayala Aponte, A. Use of Enzymatic Biosensors as Quality Indices: 
A Synopsis of Present and Future Trends in The Food Industry. Chil. J. Agric. Res. 2009, 69, 270–280, 
doi:10.4067/s0718-58392009000200017. 

27. Vojinović, V.; Cabral, J.M.S.; Fonseca, L.P. Real-Time Bioprocess Monitoring. Sensors Actuators B 
Chem. 2006, 114, 1083–1091, doi:10.1016/j.snb.2005.07.059. 

28. Miura, D.; Asano, R. Biosensors: Immunosensors. In Encyclopedia of Sensors and Biosensors; 
Elsevier, 2023; pp. 298–314. 



24

   

 
 

29. Kimura, H.; Asano, R. Strategies to Simplify Operation Procedures for Applying Labeled Antibody-
Based Immunosensors to Point-of-Care Testing. Anal. Biochem. 2022, 654, 114806, 
doi:10.1016/j.ab.2022.114806. 

30. Amiri, M.; Arshi, S.; Saberi, R.S. Recent Advances in Immunosensors for Healthcare. In The Detection 
of Biomarkers; Elsevier, 2022; pp. 335–368 ISBN 9780128228593. 

31. Yüce, M.; Filiztekin, E.; Özkaya, K.G. COVID-19 Diagnosis —A Review of Current Methods. Biosens. 
Bioelectron. 2021, 172, 112752, doi:10.1016/j.bios.2020.112752. 

32. Caldara, M.; Lowdon, J.W.; Royakkers, J.; Peeters, M.; Cleij, T.J.; Diliën, H.; Eersels, K.; van Grinsven, 
B. A Molecularly Imprinted Polymer-Based Thermal Sensor for the Selective Detection of Melamine in 
Milk Samples. Foods 2022, 11, 2906, doi:10.3390/foods11182906. 

33. Kozitsina, A.; Svalova, T.; Malysheva, N.; Okhokhonin, A.; Vidrevich, M.; Brainina, K. Sensors Based 
on Bio and Biomimetic Receptors in Medical Diagnostic, Environment, and Food Analysis. Biosensors 
2018, 8, 35, doi:10.3390/bios8020035. 

34. O’malley, J.J.; Ulmer, R.W. Thermal Stability of Glucose Oxidase and Its Admixtures with Synthetic 
Polymers. Biotechnol. Bioeng. 1973, 15, 917–925, doi:10.1002/bit.260150509. 

35. Gray, A.; Bradbury, A.R.M.; Knappik, A.; Plückthun, A.; Borrebaeck, C.A.K.; Dübel, S. Animal-Free 
Alternatives and the Antibody Iceberg. Nat. Biotechnol. 2020, 38, 1234–1239, doi:10.1038/s41587-020-
0687-9. 

36. Gray, A.C.; Sidhu, S.S.; Chandrasekera, P.C.; Hendriksen, C.F.M.; Borrebaeck, C.A.K. Animal-Friendly 
Affinity Reagents: Replacing the Needless in the Haystack. Trends Biotechnol. 2016, 34, 960–969, 
doi:10.1016/j.tibtech.2016.05.017. 

37. Zheng, Y.; Li, J.; Zhou, B.; Ian, H.; Shao, H. Advanced Sensitivity Amplification Strategies for 
Voltammetric Immunosensors of Tumor Marker: State of the Art. Biosens. Bioelectron. 2021, 178, 
113021, doi:10.1016/j.bios.2021.113021. 

38. Motherwell, W.B.; Bingham, M.J.; Six, Y. Recent Progress in the Design and Synthesis of Artificial 
Enzymes. Tetrahedron 2001, 57, 4663–4686, doi:10.1016/S0040-4020(01)00288-5. 

39. Çorman, M.E.; Ozcelikay, G.; Cetinkaya, A.; Kaya, S.I.; Armutcu, C.; Özgür, E.; Uzun, L.; Ozkan, S.A. 
Metal-Organic Frameworks as an Alternative Smart Sensing Platform for Designing Molecularly 
Imprinted Electrochemical Sensors. TrAC Trends Anal. Chem. 2022, 150, 116573, 
doi:10.1016/j.trac.2022.116573. 

40. Kuah, E.; Toh, S.; Yee, J.; Ma, Q.; Gao, Z. Enzyme Mimics: Advances and Applications. Chem. - A Eur. 
J. 2016, 22, 8404–8430, doi:10.1002/chem.201504394. 

41. Bell, T.W.; Hext, N.M. Supramolecular Optical Chemosensors for Organic Analytes. Chem. Soc. Rev. 
2004, 33, 589–598, doi:10.1039/b207182g. 

42. Cieplak, M.; Kutner, W. Artificial Biosensors: How Can Molecular Imprinting Mimic Biorecognition? 
Trends Biotechnol. 2016, 34, 922–941, doi:10.1016/j.tibtech.2016.05.011. 



25

1

 
 

 
 

43. Jayasena, S.D. Aptamers: An Emerging Class of Molecules That Rival Antibodies in Diagnostics. Clin. 
Chem. 1999, 45, 1628–1650, doi:10.1093/clinchem/45.9.1628. 

44. O’Sullivan, C.K. Aptasensors – the Future of Biosensing? Anal. Bioanal. Chem. 2002, 372, 44–48, 
doi:10.1007/s00216-001-1189-3. 

45. Luo, X.; Xia, J.; Jiang, X.; Yang, M.; Liu, S. Cellulose-Based Strips Designed Based on a Sensitive 
Enzyme Colorimetric Assay for the Low Concentration of Glucose Detection. Anal. Chem. 2019, 91, 
15461–15468, doi:10.1021/ACS.ANALCHEM.9B03180. 

46. Iliuk, A.B.; Hu, L.; Tao, W.A. Aptamer in Bioanalytical Applications. Anal. Chem. 2011, 83, 4440–4452, 
doi:10.1021/ac201057w. 

47. Zhou, J.; Rossi, J. Aptamers as Targeted Therapeutics: Current Potential and Challenges. Nat. Rev. 
Drug Discov. 2017, 16, 181–202, doi:10.1038/nrd.2016.199. 

48. Liu, Z.; Yuan, R.; Chai, Y.; Zhuo, Y.; Hong, C.; Yang, X.; Su, H.; Qian, X. Highly Sensitive, Reusable 
Electrochemical Aptasensor for Adenosine. Electrochim. Acta 2009, 54, 6207–6211, 
doi:10.1016/j.electacta.2009.05.057. 

49. Fu, B.; Cao, J.; Jiang, W.; Wang, L. A Novel Enzyme-Free and Label-Free Fluorescence Aptasensor for 
Amplified Detection of Adenosine. Biosens. Bioelectron. 2013, 44, 52–56, 
doi:10.1016/j.bios.2012.12.059. 

50. Nguyen, P.-L.; Sekhon, S.S.; Ahn, J.-Y.; Ko, J.H.; Lee, L.; Cho, S.-J.; Min, J.; Kim, Y.-H. Aptasensor for 
Environmental Monitoring. Toxicol. Environ. Health Sci. 2017, 9, 89–101, doi:10.1007/s13530-017-
0308-2. 

51. Deng, B.; Lin, Y.; Wang, C.; Li, F.; Wang, Z.; Zhang, H.; Li, X.-F.; Le, X.C. Aptamer Binding Assays for 
Proteins: The Thrombin Example—A Review. Anal. Chim. Acta 2014, 837, 1–15, 
doi:10.1016/j.aca.2014.04.055. 

52. Majdinasab, M.; Hayat, A.; Marty, J.L. Aptamer-Based Assays and Aptasensors for Detection of 
Pathogenic Bacteria in Food Samples. TrAC Trends Anal. Chem. 2018, 107, 60–77, 
doi:10.1016/j.trac.2018.07.016. 

53. Liu, M.; Yue, F.; Kong, Q.; Liu, Z.; Guo, Y.; Sun, X. Aptamers against Pathogenic Bacteria: Selection 
Strategies and Apta-Assay/Aptasensor Application for Food Safety. J. Agric. Food Chem. 2022, 2022, 
5498, doi:10.1021/acs.jafc.2c01547. 

54. Yu, Y.; Liang, C.; Lv, Q.; Li, D.; Xu, X.; Liu, B.; Lu, A.; Zhang, G. Molecular Selection, Modification and 
Development of Therapeutic Oligonucleotide Aptamers. Int. J. Mol. Sci. 2016, 17, 358, 
doi:10.3390/ijms17030358. 

55. Du, L.; Chen, W.; Zhu, P.; Tian, Y.; Chen, Y.; Wu, C. Applications of Functional Metal-Organic 
Frameworks in Biosensors. Biotechnol. J. 2021, 16, 1900424, doi:10.1002/biot.201900424. 

56. Rowsell, J.L.C.; Yaghi, O.M. Metal-Organic Frameworks: A New Class of Porous Materials. 
Microporous Mesoporous Mater. 2004, 73, 3–14, doi:10.1016/j.micromeso.2004.03.034. 



26

   

 
 

57. Meek, S.T.; Greathouse, J.A.; Allendorf, M.D. Metal-Organic Frameworks: A Rapidly Growing Class 
of Versatile Nanoporous Materials. Adv. Mater. 2011, 23, 249–267, doi:10.1002/adma.201002854. 

58. Goel, P.; Singh, S.; Kaur, H.; Mishra, S.; Deep, A. Low-Cost Inkjet Printing of Metal–Organic 
Frameworks Patterns on Different Substrates and Their Applications in Ammonia Sensing. Sensors 
Actuators B Chem. 2021, 329, 129157, doi:10.1016/j.snb.2020.129157. 

59. Jing, W.; Kong, F.; Tian, S.; Yu, M.; Li, Y.; Fan, L.; Li, X. Glucose Oxidase Decorated Fluorescent Metal-
Organic Frameworks as Biomimetic Cascade Nanozymes for Glucose Detection through the Inner Filter 
Effect. Analyst 2021, 146, 4188–4194, doi:10.1039/d1an00847a. 

60. Bunzen, H. Chemical Stability of Metal-organic Frameworks for Applications in Drug Delivery. 
ChemNanoMat 2021, 7, 998–1007, doi:10.1002/cnma.202100226. 

61. Yu, Z.; Cao, X.; Wang, S.; Cui, H.; Li, C.; Zhu, G. Research Progress on the Water Stability of a Metal-
Organic Framework in Advanced Oxidation Processes. Water, Air, Soil Pollut. 2021, 232, 18, 
doi:10.1007/s11270-020-04953-9. 

62. Zhao, W.; Deng, J.; Ren, Y.; Xie, L.; Li, W.; Wang, Q.; Li, S.; Liu, S. Antibacterial Application and Toxicity 
of Metal–Organic Frameworks. Nanotoxicology 2021, 15, 311–330, 
doi:10.1080/17435390.2020.1851420. 

63. Kumar, P.; Anand, B.; Tsang, Y.F.; Kim, K.H.; Khullar, S.; Wang, B. Regeneration, Degradation, and 
Toxicity Effect of MOFs: Opportunities and Challenges. Environ. Res. 2019, 176, 108488, 
doi:10.1016/j.envres.2019.05.019. 

64. Haupt, K.; Mosbach, K. Molecularly Imprinted Polymers and Their Use in Biomimetic Sensors. Chem. 
Rev. 2000, 100, 2495–2504, doi:10.1021/cr990099w. 

65. Piletsky, S.A.; Panasyuk, T.L.; Piletskaya, E. V.; Nicholls, I.A.; Ulbricht, M. Receptor and Transport 
Properties of Imprinted Polymer Membranes - A Review. J. Memb. Sci. 1999, 157, 263–278, 
doi:10.1016/S0376-7388(99)00007-1. 

66. Advincula, R.C. Engineering Molecularly Imprinted Polymer (MIP) Materials: Developments and 
Challenges for Sensing and Separation Technologies. Korean J. Chem. Eng. 2011, 28, 1313–1321, 
doi:10.1007/s11814-011-0133-2. 

67. Mahony, J.O.; Nolan, K.; Smyth, M.R.; Mizaikoff, B. Molecularly Imprinted Polymers - Potential and 
Challenges in Analytical Chemistry. Anal. Chim. Acta 2005, 534, 31–39, doi:10.1016/j.aca.2004.07.043. 

68. Kaabi, F.B.H.; Pichon, V. Different Approaches to Synthesizing Molecularly Imprinted Polymers for 
Solid-Phase Extraction. LCGC North Am. 2007, 25, 732–739. 

69. Wei, S.; Mizaikoff, B. Recent Advances on Noncovalent Molecular Imprints for Affinity Separations. 
J. Sep. Sci. 2007, 30, 1794–1805, doi:10.1002/jssc.200700166. 

70. Kryscio, D.R.; Peppas, N.A. Critical Review and Perspective of Macromolecularly Imprinted Polymers. 
Acta Biomater. 2012, 8, 461–473, doi:10.1016/j.actbio.2011.11.005. 



27

1

 
 

 
 

71. Awokoya, K.N.; Batlokwa, B.S.; Moronkola, B.A.; Chigome, S.; Ondigo, D.A.; Tshentu, Z.; Torto, N. 
Development of a Styrene Based Molecularly Imprinted Polymer and Its Molecular Recognition 
Properties of Vanadyl Tetraphenylporphyrin in Organic Media. Int. J. Polym. Mater. Polym. Biomater. 
2013, 63, 107–113, doi:10.1080/00914037.2013.769255. 

72. Piscopo, L.; Prandi, C.; Coppa, M.; Sparnacci, K.; Laus, M.; Laganà, A.; Curini, R.; D’Ascenzo, G. 
Uniformly Sized Molecularly Imprinted Polymers (MIPs) for 17β-Estradiol. Macromol. Chem. Phys. 2002, 
203, 1532–1538, doi:10.1002/1521-3935(200207)203:10/11<1532::AID-MACP1532>3.0.CO;2-C. 

73.Aeinehvand, R.; Zahedi, P.; Kashani-Rahimi, S.; Fallah-Darrehchi, M.; Shamsi, M. Synthesis of Poly(2-
Hydroxyethyl Methacrylate)-Based Molecularly Imprinted Polymer Nanoparticles Containing Timolol 
Maleate: Morphological, Thermal, and Drug Release along with Cell Biocompatibility Studies. Polym. 
Adv. Technol. 2017, 28, 828–841, doi:10.1002/pat.3986. 

74. Ramanavičius, A.; Ramanavičienė, A.; Malinauskas, A. Electrochemical Sensors Based on Conducting 
Polymer—Polypyrrole. Electrochim. Acta 2006, 51, 6025–6037, doi:10.1016/j.electacta.2005.11.052. 

75. Moreira Gonçalves, L. Electropolymerized Molecularly Imprinted Polymers: Perceptions Based on 
Recent Literature for Soon-to-Be World-Class Scientists. Curr. Opin. Electrochem. 2021, 25, 100640, 
doi:10.1016/j.coelec.2020.09.007. 

76. Figueiredo, L.; Erny, G.L.; Santos, L.; Alves, A. Applications of Molecularly Imprinted Polymers to the 
Analysis and Removal of Personal Care Products: A Review. Talanta 2016, 146, 754–765, 
doi:10.1016/j.talanta.2015.06.027. 

77. Cui, F.; Zhou, Z.; Zhou, H.S. Molecularly Imprinted Polymers and Surface Imprinted Polymers Based 
Electrochemical Biosensor for Infectious Diseases. Sensors 2020, 20, 996, doi:10.3390/s20040996. 

78. Schirhagl, R.; Ren, K.; Zare, R.N. Surface-Imprinted Polymers in Microfluidic Devices. Sci. China 
Chem. 2012, 55, 469–483, doi:10.1007/s11426-012-4544-7. 

79. Wackerlig, J.; Lieberzeit, P.A. Molecularly Imprinted Polymer Nanoparticles in Chemical Sensing – 
Synthesis, Characterisation and Application. Sensors Actuators B Chem. 2015, 207, 144–157, 
doi:10.1016/j.snb.2014.09.094. 

80. Cheong, W.J.; Yang, S.H.; Ali, F. Molecular Imprinted Polymers for Separation Science: A Review of 
Reviews. J. Sep. Sci. 2013, 36, 609–628, doi:10.1002/jssc.201200784. 

81. Poma, A.; Guerreiro, A.; Whitcombe, M.J.; Piletska, E. V.; Turner, A.P.F.; Piletsky, S.A. Solid-Phase 
Synthesis of Molecularly Imprinted Polymer Nanoparticles with a Reusable Template-"Plastic 
Antibodies". Adv. Funct. Mater. 2013, 23, 2821–2827, doi:10.1002/adfm.201202397. 

82. Beyazit, S.; Tse Sum Bui, B.; Haupt, K.; Gonzato, C. Molecularly Imprinted Polymer Nanomaterials 
and Nanocomposites by Controlled/Living Radical Polymerization. Prog. Polym. Sci. 2016, 62, 1–21, 
doi:10.1016/j.progpolymsci.2016.04.001. 

83. Svenson, J.; Nicholls, I.A. On the Thermal and Chemical Stability of Molecularly Imprinted Polymers. 
Anal. Chim. Acta 2001, 435, 19–24, doi:10.1016/S0003-2670(00)01396-9. 



28

   

 
 

84. Bossi, A.; Bonini, F.; Turner, A.P.F.; Piletsky, S.A. Molecularly Imprinted Polymers for the Recognition 
of Proteins: The State of the Art. Biosens. Bioelectron. 2007, 22, 1131–1137, 
doi:10.1016/j.bios.2006.06.023. 

85. Uzun, L.; Turner, A.P.F. Molecularly-Imprinted Polymer Sensors: Realising Their Potential. Biosens. 
Bioelectron. 2016, 76, 131–144, doi:10.1016/j.bios.2015.07.013. 

86. Sharma, P.S.; Dabrowski, M.; D’Souza, F.; Kutner, W. Surface Development of Molecularly Imprinted 
Polymer Films to Enhance Sensing Signals. TrAC - Trends Anal. Chem. 2013, 51, 146–157. 

87. Gavrilă, A.-M.; Stoica, E.-B.; Iordache, T.-V.; Sârbu, A. Modern and Dedicated Methods for Producing 
Molecularly Imprinted Polymer Layers in Sensing Applications. Appl. Sci. 2022, 12, 3080, 
doi:10.3390/app12063080. 

88. Lowdon, J.W.; Diliën, H.; Singla, P.; Peeters, M.; Cleij, T.J.; van Grinsven, B.; Eersels, K. MIPs for 
Commercial Application in Low-Cost Sensors and Assays – An Overview of the Current Status Quo. 
Sensors Actuators, B Chem. 2020, 325, 128973, doi:10.1016/j.snb.2020.128973. 

89. Bräuer, B.; Unger, C.; Werner, M.; Lieberzeit, P.A. Biomimetic Sensors to Detect Bioanalytes in Real-
Life Samples Using Molecularly Imprinted Polymers: A Review. Sensors 2021, 21, 5550, 
doi:10.3390/s21165550. 

90. Crapnell, R.; Hudson, A.; Foster, C.; Eersels, K.; Grinsven, B.; Cleij, T.; Banks, C.; Peeters, M. Recent 
Advances in Electrosynthesized Molecularly Imprinted Polymer Sensing Platforms for Bioanalyte 
Detection. Sensors 2019, 19, 1204, doi:10.3390/s19051204. 

91. da Silva, E.T.S.G.; Souto, D.E.P.; Barragan, J.T.C.; de F. Giarola, J.; de Moraes, A.C.M.; Kubota, L.T. 
Electrochemical Biosensors in Point-of-Care Devices: Recent Advances and Future Trends. 
ChemElectroChem 2017, 4, 778–794, doi:10.1002/celc.201600758. 

92. Lopes, F.; Pacheco, J.G.; Rebelo, P.; Delerue-Matos, C. Molecularly Imprinted Electrochemical Sensor 
Prepared on a Screen Printed Carbon Electrode for Naloxone Detection. Sensors Actuators, B Chem. 
2017, 243, 745–752, doi:10.1016/j.snb.2016.12.031. 

93. Vidal, J.-C.; Garcia-Ruiz, E.; Castillo, J.-R. Recent Advances in Electropolymerized Conducting 
Polymers in Amperometric Biosensors. Microchim. Acta 2003, 143, 93–111, doi:10.1007/s00604-003-
0067-4. 

94. Canfarotta, F.; Czulak, J.; Guerreiro, A.; Cruz, A.G.; Piletsky, S.; Bergdahl, G.E.; Hedström, M.; 
Mattiasson, B. A Novel Capacitive Sensor Based on Molecularly Imprinted Nanoparticles as Recognition 
Elements. Biosens. Bioelectron. 2018, 120, 108–114, doi:10.1016/j.bios.2018.07.070. 

95. Di Masi, S.; Garcia Cruz, A.; Canfarotta, F.; Cowen, T.; Marote, P.; Malitesta, C.; Piletsky, S.A. 
Synthesis and Application of Ion-Imprinted Nanoparticles in Electrochemical Sensors for Copper (II) 
Determination. ChemNanoMat 2019, 5, 754–760, doi:10.1002/cnma.201900056. 

96. Luo, Q.; Yu, N.; Shi, C.; Wang, X.; Wu, J. Surface Plasmon Resonance Sensor for Antibiotics Detection 
Based on Photo-Initiated Polymerization Molecularly Imprinted Array. Talanta 2016, 161, 797–803, 
doi:10.1016/j.talanta.2016.09.049. 



29

1

 
 

 
 

97. Castro-Grijalba, A.; Montes-García, V.; Cordero-Ferradás, M.J.; Coronado, E.; Pérez-Juste, J.; 
Pastoriza-Santos, I. SERS-Based Molecularly Imprinted Plasmonic Sensor for Highly Sensitive PAH 
Detection. ACS Sensors 2020, 5, 693–702, doi:10.1021/acssensors.9b01882. 

98. Mugo, S.M.; Lu, W. Determination of β-Estradiol by Surface-Enhance Raman Spectroscopy (SERS) 
Using a Surface Imprinted Methacrylate Polymer on Nanoporous Biogenic Silica. Anal. Lett. 2022, 55, 
378–387, doi:10.1080/00032719.2021.1932969. 

99. Li, S.; Yin, G.; Zhang, Q.; Li, C.; Luo, J.; Xu, Z.; Qin, A. Selective Detection of Fenaminosulf via a 
Molecularly Imprinted Fluorescence Switch and Silver Nano-Film Amplification. Biosens. Bioelectron. 
2015, 71, 342–347, doi:10.1016/j.bios.2015.04.066. 

100. Cennamo, N.; D’Agostino, G.; Galatus, R.; Bibbò, L.; Pesavento, M.; Zeni, L. Sensors Based on 
Surface Plasmon Resonance in a Plastic Optical Fiber for the Detection of Trinitrotoluene. Sensors 
Actuators B Chem. 2013, 188, 221–226, doi:10.1016/j.snb.2013.07.005. 

101. Pesavento, M.; Zeni, L.; De Maria, L.; Alberti, G.; Cennamo, N. SPR-Optical Fiber-Molecularly 
Imprinted Polymer Sensor for the Detection of Furfural in Wine. Biosensors 2021, 11, 72, 
doi:10.3390/bios11030072. 

102. Fang, L.; Jia, M.; Zhao, H.; Kang, L.; Shi, L.; Zhou, L.; Kong, W. Molecularly Imprinted Polymer-Based 
Optical Sensors for Pesticides in Foods: Recent Advances and Future Trends. Trends Food Sci. Technol. 
2021, 116, 387–404, doi:10.1016/j.tifs.2021.07.039. 

103. Ahmad, O.S.; Bedwell, T.S.; Esen, C.; Garcia-Cruz, A.; Piletsky, S.A. Molecularly Imprinted Polymers 
in Electrochemical and Optical Sensors. Trends Biotechnol. 2019, 37, 294–309, 
doi:10.1016/j.tibtech.2018.08.009. 

104. Emir Diltemiz, S.; Keçili, R.; Ersöz, A.; Say, R. Molecular Imprinting Technology in Quartz Crystal 
Microbalance (QCM) Sensors. Sensors 2017, 17, 454, doi:10.3390/s17030454. 

105. Torad, N.L.; Zhang, S.; Amer, W.A.; Ayad, M.M.; Kim, M.; Kim, J.; Ding, B.; Zhang, X.; Kimura, T.; 
Yamauchi, Y. Advanced Nanoporous Material–Based QCM Devices: A New Horizon of Interfacial Mass 
Sensing Technology. Adv. Mater. Interfaces 2019, 6, 1900849, doi:10.1002/admi.201900849. 

106. Vashist, S.K.; Vashist, P. Recent Advances in Quartz Crystal Microbalance-Based Sensors. J. Sensors 
2011, 2011, 1–13, doi:10.1155/2011/571405. 

107. Tang, J.; Torad, N.L.; Salunkhe, R.R.; Yoon, J.H.; Al Hossain, M.S.; Dou, S.X.; Kim, J.H.; Kimura, T.; 
Yamauchi, Y. Towards Vaporized Molecular Discrimination: A Quartz Crystal Microbalance (QCM) 
Sensor System Using Cobalt-Containing Mesoporous Graphitic Carbon. Chem. - An Asian J. 2014, 9, 
3238–3244, doi:10.1002/asia.201402629. 

108. Van Grinsven, B.; Eersels, K.; Peeters, M.; Losada-Pérez, P.; Vandenryt, T.; Cleij, T.J.; Wagner, P. 
The Heat-Transfer Method: A Versatile Low-Cost, Label-Free, Fast, and User-Friendly Readout Platform 
for Biosensor Applications. ACS Appl. Mater. Interfaces 2014, 6, 13309–13318, 
doi:10.1021/am503667s. 



30

   

 
 

109. Betlem, K.; Down, M.P.; Foster, C.W.; Akthar, S.; Eersels, K.; van Grinsven, B.; Cleij, T.J.; Banks, C.E.; 
Peeters, M. Development of a Flexible MIP-Based Biosensor Platform for the Thermal Detection of 
Neurotransmitters. MRS Adv. 2018, 3, 1569–1574, doi:10.1557/adv.2017.634. 

110. Eersels, K.; Diliën, H.; Lowdon, J.; Steen Redeker, E.; Rogosic, R.; Heidt, B.; Peeters, M.; Cornelis, P.; 
Lux, P.; Reutelingsperger, C.; et al. A Novel Biomimetic Tool for Assessing Vitamin K Status Based on 
Molecularly Imprinted Polymers. Nutrients 2018, 10, 751, doi:10.3390/nu10060751. 

111. Arreguin-Campos, R.; Eersels, K.; Lowdon, J.W.; Rogosic, R.; Heidt, B.; Caldara, M.; Jiménez-
Monroy, K.L.; Diliën, H.; Cleij, T.J.; van Grinsven, B. Biomimetic Sensing of Escherichia Coli at the Solid-
Liquid Interface: From Surface-Imprinted Polymer Synthesis toward Real Sample Sensing in Food Safety. 
Microchem. J. 2021, 169, 106554, doi:10.1016/j.microc.2021.106554. 

112. van Grinsven, B.; Eersels, K.; Akkermans, O.; Ellermann, S.; Kordek, A.; Peeters, M.; Deschaume, 
O.; Bartic, C.; Diliën, H.; Steen Redeker, E.; et al. Label-Free Detection of Escherichia Coli Based on 
Thermal Transport through Surface Imprinted Polymers. ACS Sensors 2016, 1, 1140–1147, 
doi:10.1021/acssensors.6b00435. 

113. Lowdon, J.W.; Eersels, K.; Rogosic, R.; Boonen, T.; Heidt, B.; Diliën, H.; van Grinsven, B.; Cleij, T.J. 
Surface Grafted Molecularly Imprinted Polymeric Receptor Layers for Thermal Detection of the New 
Psychoactive Substance 2-Methoxphenidine. Sensors Actuators, A Phys. 2019, 295, 586–595, 
doi:10.1016/j.sna.2019.06.029. 

114. Cornelis, P.; Vandenryt, T.; Wackers, G.; Kellens, E.; Losada-Pérez, P.; Thoelen, R.; De Ceuninck, W.; 
Eersels, K.; Drijkoningen, S.; Haenen, K.; et al. Heat Transfer Resistance as a Tool to Quantify 
Hybridization Efficiency of DNA on a Nanocrystalline Diamond Surface. Diam. Relat. Mater. 2014, 48, 
32–36, doi:10.1016/j.diamond.2014.06.008. 

115. Givanoudi, S.; Cornelis, P.; Rasschaert, G.; Wackers, G.; Iken, H.; Rolka, D.; Yongabi, D.; Robbens, 
J.; Schöning, M.J.; Heyndrickx, M.; et al. Selective Campylobacter Detection and Quantification in 
Poultry: A Sensor Tool for Detecting the Cause of a Common Zoonosis at Its Source. Sensors Actuators, 
B Chem. 2021, 332, 129484, doi:10.1016/j.snb.2021.129484. 

116. Stilman, W.; Campolim Lenzi, M.; Wackers, G.; Deschaume, O.; Yongabi, D.; Mathijssen, G.; Bartic, 
C.; Gruber, J.; Wübbenhorst, M.; Heyndrickx, M.; et al. Low Cost, Sensitive Impedance Detection of E. 
Coli Bacteria in Food-Matrix Samples Using Surface-Imprinted Polymers as Whole-Cell Receptors. Phys. 
Status Solidi Appl. Mater. Sci. 2022, 219, 2100405, doi:10.1002/pssa.202100405. 

117. Steen Redeker, E.; Eersels, K.; Akkermans, O.; Royakkers, J.; Dyson, S.; Nurekeyeva, K.; Ferrando, 
B.; Cornelis, P.; Peeters, M.; Wagner, P.; et al. Biomimetic Bacterial Identification Platform Based on 
Thermal Wave Transport Analysis (TWTA) through Surface-Imprinted Polymers. ACS Infect. Dis. 2017, 
3, 388–397, doi:10.1021/acsinfecdis.7b00037. 

118. McClements, J.; Seumo Tchekwagep, P.M.; Vilela Strapazon, A.L.; Canfarotta, F.; Thomson, A.; 
Czulak, J.; Johnson, R.E.; Novakovic, K.; Losada-Pérez, P.; Zaman, A.; et al. Immobilization of Molecularly 
Imprinted Polymer Nanoparticles onto Surfaces Using Different Strategies: Evaluating the Influence of 
the Functionalized Interface on the Performance of a Thermal Assay for the Detection of the Cardiac 



31

1

 
 

 
 

Biomarker Troponin I. ACS Appl. Mater. Interfaces 2021, 13, 27868–27879, 
doi:10.1021/acsami.1c05566. 

119. Jamieson, O.; Soares, T.C.C.; de Faria, B.A.; Hudson, A.; Mecozzi, F.; Rowley-Neale, S.J.; Banks, C.E.; 
Gruber, J.; Novakovic, K.; Peeters, M.; et al. Screen Printed Electrode Based Detection Systems for the 
Antibiotic Amoxicillin in Aqueous Samples Utilising Molecularly Imprinted Polymers as Synthetic 
Receptors. Chemosensors 2019, 8, 5, doi:10.3390/chemosensors8010005. 

120. Crapnell, R.D.; Jesadabundit, W.; García-Miranda Ferrari, A.; Dempsey-Hibbert, N.C.; Peeters, M.; 
Tridente, A.; Chailapakul, O.; Banks, C.E. Toward the Rapid Diagnosis of Sepsis: Detecting Interleukin-6 
in Blood Plasma Using Functionalized Screen-Printed Electrodes with a Thermal Detection 
Methodology. Anal. Chem. 2021, 93, 5931–5938, doi:10.1021/acs.analchem.1c00417. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 
 

Preface to Chapter 2 
 

After studying and evaluating the different recognition elements of a biosensor, it is evident that 
synthetic receptor elements, especially molecularly imprinted polymers (MIPs), can be an interesting 
alternative to biological sensing elements in biosensor applications. Enzymatic biosensors, for instance, 
may experience instability and consequently short shelf-life under specific circumstances. This is a 
drawback from an economical perspective and can lead to them being of limited use in challenging 
circumstances. MIPs instead, represent a very robust and chemically stable sensing element in 
biosensor devices, which allows them to operate in a wide range of conditions and environments. 

The use of MIP-based sensors as an alternative to enzymatic-biosensors for glucose monitoring is 
discussed in the following chapter. This clearly represents a crucial application for managing and 
diagnosing hyperglycaemia and therefore diabetes. The next chapter offers a thorough overview of 
recent developments in the creation of MIP-based sensors for glucose detection. The limitations of the 
glucose sensing technologies currently present on the market are studied along with the significance of 
glucose monitoring in the management of diabetes. Subsequently, the basic principles and application 
areas of MIPs-based glucose sensors are thoroughly discussed, along with MIP production techniques, 
integration into sensing platforms, and readout technologies employed. Furthermore, this chapter 
highlights the challenges and promising approaches taken in the development of MIP-based glucose 
sensors for healthcare applications. This will define the scientific methodology used to construct and 
test MIP-based glucose sensors in this thesis.  
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Abstract  

Molecularly imprinted polymers (MIPs) have gained growing interest among researchers worldwide, 
due to their key features that make these materials interesting candidates for implementation as 
receptors into sensor applications. In fact, MIP-based glucose sensors could overcome the stability 
issues associated with the enzymes present in commercial glucose devices. Various reports describe 
the successful development of glucose MIPs and their coupling to a wide variety of transducers for 
creating sensors that are able to detect glucose in various matrices. In this review, we have summarized 
and critically evaluated the different production methods of glucose MIPs and the different transducer 
technologies used in MIP-based glucose sensors, and analysed these from a commercial point of view. 
In this way, this review sets out to highlight the most promising approaches in MIP-based sensing in 
terms of both manufacturing methods and readout technologies employed. In doing so, we aim at 
delineating potential future approaches and identifying potential obstacles that the MIP-sensing field 
may encounter in an attempt to penetrate the commercial, analytical market. 

Keywords: glucose sensing; molecularly imprinted polymers; artificial receptors; glucose monitoring; 
non-enzymatic glucose sensors; clinical analysis; health diagnostics 
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Introduction 
Glucose Sensing 

Glucose plays a key role in numerous biological processes, such as cellular respiration and 
glycosylation.[1,2] Once its metabolism is disturbed, it may lead to a variety of diseases, such as 
hyperinsulinism and diabetes.[3,4] The latter is characterized by a high concentration of glucose in the 
blood and other physiological fluids (hyperglycaemia). Classical diabetes diagnostic tests, therefore, aim 
at directly assessing glucose levels in the blood of patients. More specifically, when the sugar 
concentration is higher than 7 mM  after no caloric intake for a minimum of 8h or higher than 11.1 
mM  two hours after an oral glucose tolerance test (OGTT), the individual is considered to be affected 
by diabetes.[5] Diabetes is an incurable disease that causes a plethora of symptoms, including increased 
thirst and hunger, diabetic ketoacidosis, or hyperosmolar coma.[6] However, it does not only cause 
different discomforts, but is also responsible for severe long-term complications, such as kidney failure, 
stroke, and coronary heart disease.[6,7] For these reasons, the World Health Organization (WHO) 
classifies it as one of the top ten causes of death in adults.[8] Unfortunately, this condition has become 
increasingly more common and predictions estimate that by 2045, the number of sufferers will reach 
693 million adults.[9] Due to the potentially life-threatening consequences of hyper- and 
hypoglycaemia, it is crucial that diabetics monitor their blood glucose levels closely and adjust their diet 
and insulin therapy accordingly. This has led to the emergence and spread of several low-cost biosensor 
technologies, such as glucose meters, that enable patients to self-monitor their blood glucose levels. 
These devices have become indispensable in diabetes management in the current society.[10,11] 
Before advancements in blood glucose monitoring were introduced, analysis was carried out using urine 
samples. Most of these tests were based on the technology developed by Benedict in 1908, which relied 
on the oxidation of glucose in the urine sample by a copper reagent.[12] In 1962, an enzyme membrane 
electrode system based on glucose oxidase (GOx) was introduced that allowed for the direct 
electrochemical detection of glucose in whole blood samples.[13] This breakthrough led to the 
development of the first commercial glucose meter in the 1970s,[14] which gradually evolved over the 
past few decades into the first continuous glucose monitoring (CGM) system that was introduced in 
1999.[15] Over the years, three generations of enzyme-based sensors have been fabricated and 
commercialized (Figure 2.1).[16] 
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Traditional Electrochemical-based Glucose Sensors and Novel Technologies 

 

Figure 2.1 Schematic representation of the working principle of different generations of 
electrochemical glucose sensors. Figure reproduced with permission from ref. [16]. 

The first-generation glucose sensing system used oxygen as the electron acceptor, but it had a 
significant limitation due to the influence of dissolved oxygen in the blood samples, which could 
compromise the accuracy of the measurement.[17] To address this issue, a second generation of 
glucose sensors was developed, which relied on electron transfer from the enzymes to artificial electron 
receptors, known as redox dyes.[18] This approach helped minimize the interference from dissolved 
oxygen and improved the reliability of the measurements. Further advancements led to the 
development of the third generation of glucose sensors, which took a step further in simplifying the 
sensing process by utilizing direct electron transfer to the electrode.[19] By eliminating the need for 
artificial electron receptors, these sensors became even more efficient and provided more reliable 
results. Continuing the trend of innovation, the market is now transitioning towards the fourth 
generation of glucose sensors, which is expected to revolutionize glucose sensing technology. These 
new sensors will no longer rely on enzymes, as depicted in Figure 2.1. This development promises to 
overcome the stability issues commonly associated with enzyme-based sensors and opens up 
possibilities for significant improvements in terms of cost-effectiveness and selectivity.[21,22] These 
advancements are expected to benefit not only patients with diabetes who require regular glucose 
monitoring but also the healthcare industry as a whole by providing more accurate, efficient, and 
accessible glucose sensing solutions. All medical procedures, including diagnostic tests, can be 
categorized into the following two major groups: invasive and non-invasive procedures. In glucose 
monitoring, this often depends on the physiological sample under study.[23] Invasive glucose 
monitoring implies that the samples in which the glucose levels are measured can only be obtained by 
puncturing the skin of a patient.[24] For instance, in traditional self-monitoring of blood glucose 
(SMBG), a drop of blood is drawn from the fingertip of a patient.[25] Many development studies were 
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performed to optimize this procedure to reduce the pain associated with the measurement, resulting 
in the use of a blood lancet rather than a traditional needle and syringe.[26] However, this method still 
causes discomfort and increases the risks of blood-related infections.[27] Therefore, there has been a 
shift in the research focus towards the development of minimally invasive and non-invasive methods in 
recent years, although invasive blood glucose monitoring is still the most widely spread commercial 
approach.[28,29] Non-invasive glucose monitoring typically aims at measuring the glucose 
concentration in other physiological fluids, such as urine, saliva, sweat, or tears, and relating them to 
the current blood glucose levels.[30] The increased comfort that these methods offer patients also 
enables us to increase the number of measurements, opening up the possibility of creating new-
generation systems for continuous monitoring.[31] Both the invasive and non-invasive methods can be 
analysed with different readout technologies, including electrochemical, mass-sensitive, optical, and 
thermal methods, with electrochemical transducers being the most used.[32] Since the topic has 
attracted increasing interest, and due to the benefits of non-invasive monitoring, innovative glucose 
biosensor technologies have been continuously explored. In fact, numerous studies reported in the last 
few years have focused on the development of novel wearable sensors that would enable patient-
oriented, rapid, and convenient tracking of glucose.[33,34,35] Such sensors could be incorporated in, 
for instance, smartwatches.[36] However, the most important challenge associated with the current-
generation blood glucose monitoring techniques is the specificity and stability of such sensors in 
different physiological matrices.[37] A crucial step to overcome these issues lies in the development of 
new recognition materials that can offer alternatives to the current enzyme-based sensors. Therefore, 
this review will focus on reviewing the current advances in molecularly imprinted polymers (MIPs) for 
glucose detection and critically assessing which approaches are the most compatible with the current 
trend of evolving toward non-invasive glucose monitoring. 

General Background on MIPs 

Molecularly imprinted polymers (MIPs) have attracted wide interest over the last few decades, as these 
materials can mimic the natural antibody–antigen and enzyme–substrate systems, but overcome most 
of the issues that are commonly encountered when using natural receptors in non-physiological 
conditions.[38] The general principle behind MIP synthesis is the interaction between a target molecule, 
a functional monomer, and a cross-linking agent. First, the functional monomer(s) and the target 
molecules form a complex by interactions between their functional groups,[39] then the cross-linker 
stabilizes the complex and is responsible for the rigidity of the polymer. After extraction of the template 
molecule, nanocavities that are complementary to the extracted molecule are formed (Figure 2.2).[40] 
This complementarity is both morphological and structural, ensuring that the target can selectively 
rebind to the receptor, which is similar to the key-and-lock mechanism that antibodies and enzymes 
use to detect their target.[41] 
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Figure 2.2 Schematic representation of generic synthesis and rebinding of molecularly 
imprinted polymers. Figure reproduced with permission from ref. [40]. 

Molecularly imprinted polymers can be synthesized using a wide variety of polymerization approaches, 
including bulk, precipitation, emulsion, photopolymerization, and electropolymerization.[42] Normally, 
MIPs do not possess signal output ability, which means that they need to be coupled to an appropriate 
transducer technology to translate the rebinding event into a readable signal.[43] Different works have 
demonstrated the successful integration of the polymers with several readout technologies, including, 
but not limited to, the heat-transfer method (HTM), quartz crystal microbalance (QCM), surface 
plasmon resonance (SPR), surface-enhanced Raman scattering (SERS), chromatographic techniques and 
various electrochemical transducers.[44,45,46,47] From a historical perspective, MIPs were reported 
for the first time in the 1930s.[48,49] However, it was not until the mid-1980s that this technology 
started to attract wide interest among the scientific community with the works from K. Mosbach and 
G. Wulff.[50,51,52] Around ten years later, the first works focused on the use of MIPs in sensing 
technologies started to appear.[52] Since then, with the emergence of computational technologies and 
novel methods used to integrate imprinted polymers into readout technologies, MIP-based sensors 
have become increasingly popular within the scientific community.[53,54] Nowadays, MIP-based 
sensors are engineered in such a way that they can serve in a versatile array of environments, including 
physiological fluids,[55] foodstuffs, (Chapter 4)[56,57] and wastewater.[58] 

Advantages of MIP-Based Sensors in Glucose Sensing 

Molecularly imprinted polymers (MIPs) are also known as plastic or synthetic antibodies because they 
represent a synthetic alternative to biological recognition elements typically found in biosensors.[59] 
Due to their synthetic nature, they have several key advantages over natural receptors, such as enzymes 
and antibodies, mainly resulting from their high stability and robustness at different pH and 
temperatures.[60] The enzyme-based sensors have low stability, which inevitably results in the short 
shelf-life of the final product.[61] As a result, the scientific community is increasingly moving toward 



39

2

 
 

 
 

the realization of novel enzyme-free sensors.[62,63] As mentioned above, stability is a key feature of 
imprinted polymers and consequently of MIP-based sensors; furthermore, their preparation entails a 
rather short and cost-effective synthesis process.[64] However, despite all the benefits that these 
materials can provide to the field of biosensors, the commercialization of MIP-sensors has not yet 
fulfilled its potential.[65] For instance, home test devices for glucose monitoring are still monopolized 
by glucose oxidase bio meters, which measure the concentration of glucose in fingertip’s blood.[66] 
With all the aforementioned assets that MIP-based technologies could provide, they may bring a new 
perspective to glucose monitoring. As mentioned earlier, we aim to categorize and evaluate the 
different MIP-based technologies for glucose detection developed in the last few years and assess their 
advantages and drawbacks in the framework of moving towards stable, disposable enzyme-free sensors 
for non-invasive blood glucose monitoring. We will critically assess which approaches are the most 
promising and which manufacturing and transducer technologies would be ideally suited to bring MIP-
based sensors closer to the commercial glucose monitoring market. 
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Production Methods of MIPs for Glucose Detection 
In order to synthesize molecularly imprinted polymers, different reagents are required, including a 
functional monomer(s), template, cross-linker, and a polymerization initiator.[67,68] Their ratio with 
respect to one another greatly influences the specific interaction between the polymer and the 
template, and subsequently the binding capacity and imprinting factor of the resulting MIP.[69,70] 
Depending on the type of polymerization, initiators and solvents also play a vital role in the whole 
process.[71] Numerous polymerization techniques used to synthesize molecularly imprinted polymers 
have been explored in the last few decades, (Table 2.1)[72,73] including bulk polymerization, 
electropolymerization, and photopolymerization.[73,74,75,76] More recently, MIPs have been used in 
combination with other materials such as gold nanoparticles to boost the sensitivity of the resulting 
sensor or nylon to open up the possibility of creating wearable glucose sensors.[77,78] Inevitably, a 
slightly different synthetic pathway needs to be employed for such sensors, often leading to additional 
steps in the fabrication process. 

Reagents for the Production of MIPs 

Functional Monomers 

The role of the functional monomer is to create a complex with a template molecule before the 
polymerization.[71] Therefore, the selected monomer needs to be carefully chosen in order to 
maximize interaction with the template and create receptors with a high rebinding affinity to the target. 
Monomers that contain free carboxyl groups are of particular interest for creating non-covalent MIPs, 
as they can act as both hydrogen donors and acceptors and favour hydrogen bonding between the 
polymer and template.[79] Methacrylic acid (MAA), for example, has been extensively used as a 
monomer for MIP synthesis, due to its ability to form electrostatic interactions and hydrogen bonds 
with a plethora of functional groups on different template molecules.[80] Other functional monomers 
commonly used for the synthesis of MIPs are as follows: acrylamide (AAM), acrylic acid (AA), 4-
vinylphenylboronic acid (VPBA), 4-vinylpyridine (4-VP), and pyrrole (PY).[81] Additionally, the growing 
popularity of MIPs has resulted in the synthesis of novel tailor-made functional monomers, opening up 
the possibility of producing imprinted materials with higher rebinding capabilities. Different functional 
monomers have also been successfully employed for the synthesis of glucose-imprinted polymers. The 
monomer choice is strictly linked to the synthetic approach undertaken to create the MIPs. For instance, 
a rational-design study in which Gaussian 2009 software was used to simulate the interaction between 
glucose and three commonly used functional monomers in free-radical polymerization (MAA, AAM, and 
4-VP) revealed that MAA provides a stronger interaction with glucose, as well as the lowest energy 
value during the self-assembly phase.[82] However, another study conducted using the same program 
provided evidence that the reaction with AAM can occur more spontaneously than with MAA.[83] 
Different studies have subsequently reported the successful use of both MAA[82,84,85] and 
AAM,[86,87] as well as its derivative diacetone acrylamide (DAAM) [88]. Other functional monomers 
employed in polymer synthesis included AA, which provided interactions with the hydroxyl groups of 
glucose [89], VPBA, which forms a covalent complex with the template,[90,91] vinyl acetate,[92] and 3-
amino-4-hydroxybenzoic acid.[93] Electropolymerization of pyrrole to create glucose-imprinted MIPs 
was demonstrated as an alternative approach in an attempt to automatize the synthesis 
procedure.[77,94] The obtained MIPs were then coupled with nylon fibres[77] or nitrogen-rich carbon 
conductive-coated TNO structures, which opens up the possibility to integrate electropolymerized 
glucose MIPs in wearable applications.[94] 
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Template 

The vast majority of the synthetic approaches mentioned above employed D-glucose as template 
molecule.[77,88,89,90,94] However, as glucose lacks functional groups that enable strong interactions 
with these monomers, more recently, a dummy imprinting approach was introduced by the authors of 
this paper (Chapter 3), using glucuronic acid as a template (Figure 2.3).[87] 

 

Figure 2.3 Chemical structures of D-glucose and glucuronic acid. 

Cross-Linker 

The role of the cross-linker is to enable the formation of a rigid polymer network, so its structure will 
not be changed by the template removal; hence, the binding sites will not be damaged. At the same 
time, this would allow the formation of a porous structure into which the targets can diffuse when 
immersing the MIP into the sample under study.[95] If the amount of cross-linking is too low, the 
polymer will not be mechanically stable, while if the cross-linking degree is too high, it may reduce the 
binding capacity of the polymer, as the target cannot penetrate into the polymer matrix and there will 
be fewer recognition sites available for rebinding.[81] The main drawback related to the cross-linker 
molecules employed for MIP fabrication is that while the rational design is often aimed at selecting 
functional monomers with appropriate hydrogen donor/acceptor properties, the cross-linker can also 
interact with the template and contribute to rebinding. This is a process that is hard to control and can 
lead to non-specific interactions. For the development of MIP-based glucose sensors, different cross-
linkers were implemented and among these, the most commonly used is ethylene glycol dimethacrylate 
(EGDMA).[85,87,88,89] Another reported cross-linker commonly used for the production of glucose 
MIPs is N,N′-methylenebisacrylamide.[82,86,96] 

Polymerization Methods Employed for Glucose-MIP Fabrication 

Thermal Polymerization Approaches 

One of the most used methods to produce MIPs is the thermally initiated bulk polymerization 
approach.[97] This straightforward technique consists of adding a template, functional monomer, 
cross-linker, and initiator in a solvent and allowing the formation of a pre-polymerization complex 
through self-assembly. The solution is then polymerized and the resulting product is a monolithic bulk 
polymer that needs to be ground and extracted with solvents. The interesting features of this approach 
from a commercial point-of-view are the fact that it is relatively straightforward and allows for the 



42

   

 
 

creation of large batches of material cost-effectively. The major drawbacks are related to the tedious 
grinding and sieving procedure, which is time-consuming, leads to a large loss of product and the 
generation of a heterogeneous mixture of micro-scaled particles, which increases the batch-to-batch 
variation and makes it hard to reliably calibrate the resulting sensors.[97,98] The approach has also 
been employed in the synthesis of MIPs for glucose detection.[85,87] Within this method, different 
initiators can be employed to trigger the polymerization reaction. As such, molecules such as 
azobisisobutyronitrile (AIBN) or benzoyl peroxide were used to initiate the polymerization process. 
Another approach used to produce bulk MIPs included the oxidation of pyrrole by FeCl3∙6H2O, which 
initiated the formation of polypyrrole.[77] 
Thermally initiated polymerization can also be used to form thin polymer films; this approach allows 
the formation of MIP films directly onto the substrate. The approach has been used for the production 
of glucose MIP films on substrates such as Petri dishes[99] or Ni foam.[82,96] 

Precipitation and Emulsion Polymerization 

To overcome the problems associated with free-radical monolithic bulk polymerization, research on 
more controllable polymerization methods used to create homogenous particles has intensified over 
the past decade. Precipitation polymerization is a popular approach in which the reagents are soluble 
in a solvent that is chosen in such a way that after the polymerization reaction is completed, the 
resulting polymer is insoluble, and therefore precipitates in the form of small particles.[100] Another 
popular approach is emulsion polymerization, a technique used to create spherical MIP beads of various 
dimensions that can be stringently controlled by optimizing the reaction conditions. In this method, 
surfactant molecules are added to the pre-polymerization mixture, resulting in the formation of 
spherical beads of surfactant that contain the reagents. The monomers act as oil phases that are 
shielded from the water phase (the solvent) by the surfactant and undergo cross-linking inside a micro 
reactor, leading to more homogenous spherical particles with a tuneable shape.[100] Both techniques 
have been used for the synthesis of MIP particles that were incorporated into sensing devices for 
glucose detection.[84,92] 
Although precipitation and emulsion polymerization have been demonstrated on an industrial scale for 
various other polymer applications, the creation of MIPs for glucose detection on a large scale is not 
particularly appealing. Emulsion polymerization would require extra purification steps to remove 
remnant surfactant and although the particles are more homogenous in size, research has shown that 
the binding affinity of the MIPs is highly heterogenic, as the formation of an emulsion affects the 
stability of template–monomer interactions during imprinting. Likewise, the very diluted medium in 
which precipitation polymerization takes place not only results in a low reaction yield, but also leads to 
an imprinting effect that is mainly based on several low-affinity interactions, leading to MIPs with 
limited binding affinity and significant batch-to-batch variance.[101] 

Electropolymerization 

An interesting approach to synthesize molecularly imprinted polymer films that has gained increasing 
attention from researchers worldwide is electropolymerization. The technique is particularly 
interesting, as it allows the growth of polymer films in situ onto electrodes by applying electrochemical 
energy to the system.[74] The advantages over other methods are the high control of the layer 
thickness and the direct grafting onto the electrode surface,[102,103] resulting in a homogeneous and 
highly reproducible MIP-functionalized substrate that can be used in electro analysis.[74] This set of 



43

2

 
 

 
 

features means that they are serious alternatives to commercial enzyme-based electrodes for glucose 
sensing, as it would also be relatively straightforward to create large batches of MIP-covered chips in 
an automated manner. Several papers reported this polymerization technique to obtain 
electropolymerized MIPs for glucose sensing.[94,104,105,106] In a recent work, a glucose MIP was 
synthesized on laser-pyrolyzed paper electrodes using 3-amino-4-hydroxybenzoic acid (3,4-AHBA) as a 
functional monomer.[93] In another published work, a MIP-based screen-printed gold electrode was 
fabricated by electropolymerizing AAM/N,N′-methylene bis(acrylamide) (NNMBA) in the presence of 
glucose (Figure 2.4). Selectivity analyses of the electropolymerized MIP sensor were carried out using 
two interfering analytes that coexist in physiological saliva samples, lactose and sucrose.[86] 

 

Figure 2.4 Fabrication of a MIP-based Au SPE by electropolymerizing AAM/NNMBA in the 
presence of glucose and its application in saliva samples. Figure reproduced with permission 
from ref. [86]. Copyright 2019, Elsevier. 

Electropolymerization can also be used to generate gold nanoparticle-decorated MIPs, and the benefits 
of such a method were reported to be ultra-high sensitivity, cost-effectiveness, and fast fabrication.[78] 
Another innovation that stems from this production method is the modification of MIPs with carbon 
dots and chitosan, which yields highly sensitive and selective MIP-based electrochemical 
sensors.[83,107] The main drawbacks associated with electropolymerization are the possible low 
degree of cross-linking (which hinders the rigidity of the polymeric structure[108]), the limited choice 
of electro-active monomers (leading to the troublesome rational design of MIPs for certain specific 
targets) and the difficult up-scaling of the fabrication process (which inevitably results in a diminished 
commercial potential for such technologies).[65] 
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Electrospinning 

Electrospinning is a method used to create matrices of micro- to nanoscopic fibres[109] that offer a 
very high surface-to-volume ratio. This leads to MIPs with relatively high sensitivity in comparison to 
other approaches.[110] The technique also offers the possibility of creating wearable textiles into which 
MIPs can easily be integrated for continuous sensing.[111] In 2021 for instance, the use of 
electrospinning to incorporate glucose MIPs into a nylon-based fibre was reported (Figure 2.5). The 
findings of this study illustrate a two-step production method (MIP synthesis and electrospinning) for 
the development of MIP-based wearable glucose sensors that can monitor the amount of glucose in 
sweat as a marker for blood glucose levels.[77] Subsequently, the sensor’s selectivity was assessed by 
exposing the platform to a solution that contained similar molecules (fructose, galactose, and sucrose), 
in addition to some common constituents of sweat, including urea and L-lactate. The approach is also 
interesting, as it is possible to mass-produce batches of fibres in a relatively straightforward, fast, and 
low-cost manner. However, the MIPs still need to be made via a separate polymerization approach. In 
this case, this occurs via the oxidation of pyrrole and pluronic P123 in bulk. 
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Figure 2.5 (A) Illustration of the production of electrospun MIP sensors. (B) FT−IR analysis of 
the polypyrrole MIP. (C) Image of electrospun nylon fibres embedded with PPy MIPs for the 
detection of glucose. Figure reproduced with permission from ref. [77]. Copyright 2021, 
American Chemical Society. 

Photopolymerization 

Photopolymerization is a technique that uses the energy of a light source to initiate a polymerization 
reaction. Although the approach is often similar to thermally induced polymerization techniques, it 
requires the use of different reagents. Depending on the specific approach applied, photo initiators, 
photosensitive functional polymers, photo-cross-linkable polymers, and RAFT agents need to be 
employed in the process.[112] 

Similar to thermally induced bulk free-radical polymerization, photo initiated free-radical 
polymerization is a widely used technique for MIP production. This approach requires a photo initiator 



46

   

 
 

able to initiate the polymerization reaction when exposed to irradiation.[113] The technique has been 
reported for the synthesis of MIP films/coating for glucose recognition on various substrates, such as 
QCM electrodes,[114] ITO glass plates,[90] and stainless-steel wires.[91] 

Photosensitive functional polymers provide an opportunity to achieve a polymerization reaction 
without using an initiator reagent by using a photosensitive monomer. This approach has been 
implemented for the development of a MIP-based glucose electrochemical sensor, by exposing a gold 
electrode covered with a solution of photosensitive monomers and target to UV irradiation.[108] In two 
different works, photo-cross-linkable polymers were used to obtain MIP micelles[115] or 
nanoparticles,[116] which were then electrodeposited onto a bare gold electrode, and finally photo-
cross-linked to obtain MIP-functionalized gold electrodes. The specific advantages of each imprinting 
approach are similar to those in thermally induced methods, allowing the detection of different targets 
as different polymers can be used, as well as targets that cannot withstand high temperatures. On the 
other hand, they suffer the same disadvantages that are described above for each polymerization 
approach and are not compatible with targets that are sensitive to irradiation with high-energy light 
sources. 

Reversible addition–fragmentation chain transfer (RAFT) living polymerization is a photopolymerization 
approach that allows us to stringently control the polymerization parameters and can be achieved 
under mild conditions at room temperature in aqueous solutions.[117] RAFT polymerization has been 
successfully utilized for the synthesis of glucose-imprinted polymer particles, with sizes ranging from 
200 to 400 nm. The produced MIPs have proven to be effective in detecting glucose in complex 
matrices, such as human urine samples.[88] 

Novel Synthetic Approaches for Glucose MIPs 

The above-mentioned techniques represent the most used techniques for the production of 
molecularly imprinted polymers. However, in recent years, novel approaches for MIP synthesis have 
been developed. Between these, the most promising approach is undoubtedly the so-called solid-phase 
synthesis of nanoMIPs proposed by the group of Prof. Piletsky.[118] This technique has proven its high 
industrial potential, as it has been utilized in the successful imprinting of a wide variety of targets by 
using an automated synthesis protocol.[118] The method has also been employed for the fabrication 
of electroresponsive nanoMIPs for glucose recognition.[119] 

Additionally, another approach employed for producing MIP-based glucose sensors involves the 
production of cross-linked MIP micelles, which were then coupled to glucose oxidase to develop a novel 
synergistic enzyme MIP detection system.[120] 

Table 2.1 Fabrication methods and modifications employed for the production of MIP-based 
sensing materials for glucose recognition. 

Production Method Approach 
Modification 

Real-Life 
Sample 

LoD Ref. 
 

Thermal 
polymerization 

MIP particles 
immobilized onto 
Al-PVC substrate 

Urine PBS: 19.4 μM 
Urine: 44.4 μM 

[87] 
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Thermal 
polymerization 

MIP-based 
working 

electrode 

- 43.7 ± 1.6 
mV/mmol L−1 

[85] 

Thermal 
polymerization and 

electrospinning 

MIP particles 
electrospun into 
nylon 6,6 fibre 

Artificial sweat PBS: 0.10 ± 0.01 
mM 

Artif. sweat: 0.12 
± 0.01 mM 

[77] 

Thermal 
polymerization 

MIP particles 
drop-casted onto 
an Au electrode 

- 4.4 mg L−1 [89] 

Thermal 
polymerization 

- Artificial tear 
fluid 

10 μg mL−1 [99] 

Thermal 
polymerization 

MIP@Ni foam - -; 0.45 mM [82,96] 

Precipitation 
polymerization 

GO-MIP sensor Blood PBS: 0.02 μm [84] 

Suspension 
polymerization 

MIP-based 
working 

electrode 

- 53 μM [92] 

Electropolymerization AuNP-MIP 
fabricated 

directly on the 
gold wire 

Blood PBS and blood: 
1.25 nM 

[78] 

Electropolymerization MIP-based Au-
SPE 

Saliva PBS: 0.59 μg mL−1 
Saliva: 3.32 μM 

[86] 

Electropolymerization MIP-based SPCE Saliva and blood PBS: 0.19 ± 0.015 
μM 

Saliva and blood: 
- 

[104] 

Electropolymerization MIP/CuCo/SPCE Artificial and 
whole blood 

PBS: 0.65 ± 0.10 
µM 

Art. blood: 12.02 
± 0.6 mg dL−1 

Whole blood: - 

[105] 

Electropolymerization Electrode 
modified with 
chitosan and 
carbon dots 

Blood PBS: 0.09 µM 
Blood: 0.11 µM 

[107] 

Electropolymerization Laser-pyrolyzed 
paper substrate 

- 1.77 mmol dm−3 [93] 

Electropolymerization Electrode 
modified with 
chitosan and 
carbon dots 

Blood and rice 
wine 

PBS: 4.6 nM 
Blood: 6.41 nM 

Rice wine: - 

[83] 

Electropolymerization CS (MIP)-NiO 
electrode 

- 2.0 µM [106] 

Electropolymerization TNO substrate - 1.0 µM [94] 
Photopolymerization MIP layer onto 

Au QCM 
electrode 

- 0.07 mM [114] 

Photopolymerization MIP layer onto 
ITO glass plate 

- - [90] 
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Photopolymerization MIP coating onto 
stainless-steel 

wire 

Bovine serum, 
human urine and 

plant tissues 

PBS: 0.7 µM 
Real-life samples: 

- 

[91] 

Photopolymerization RAFT 
polymerized 
MIPs coating 
onto GO/GCE 

substrate 

Urine PBS: 5.88 µM 
Urine: - 

[88] 

Photopolymerization MIP micelles 
electrodeposited 

onto the 
electrode surface 

Simulative serum Buffer: 0.05 mM 
Sim. serum: - 

[115] 

Photopolymerization Photo-cross-
linkable polymer 

Simulative serum Buffer: 0.2 µg 
mL−1 

Sim. serum: - 

[108] 

Photopolymerization Au@MIP NPs 
electrodeposited 

onto the 
electrode surface 

Urine Buffer: 0.003 nM 
Urine: - 

[116] 

Solid-phase synthesis - - 0.43 mM [119] 
Cross-linked MIP 

micelles 
Fe3O4@Au-GOx-

MIPs catalytic 
system 

- 5.0 µM [120] 
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Readout Technologies Employed for MIP-Based Glucose Detection 
In order to convert the binding event between the MIP and target into a readable signal, the imprinted 
polymer needs to be integrated into a sensor platform, by coupling it to an appropriate readout 
technology.[121] The choice of the transducer employed for signal conversion is crucial for the 
development of affordable and reliable biosensors; in fact, many examples of very sensitive MIP-based 
sensors can be found in the literature, but some of them are coupled with highly specialized and costly 
lab equipment. These sensor technologies are interesting for high-end detection purposes in analytical 
labs but are less suited for application in point-of-care diagnosis. The great commercial success of 
glucometers is due to the fact that they are based on simple conductio- or amperometric transduction 
principles that can be integrated into handheld applications. Furthermore, they are easily calibrated 
and lead to a very simple concentration reading that enables end-users to measure their blood glucose 
levels in a fast, relatively low-cost, and user-friendly manner.[10,122] Since the introduction of the first 
generation of glucose biosensors, remarkable progress in the development of miniaturized and low-
cost glucose sensing technologies, both in terms of substrates (e.g. test strips) and transducers 
(glucometers), has been made.[123,124] Despite different works reporting novel MIP-based sensors for 
glucose and many other analytes, the field seems to struggle in the last steps toward the commerciality 
of such technologies.[65] One of the main explanations for this is the greater interest of the scientific 
community in fabricating more and more sensitive biosensors, rather than trying to engineer promising 
technologies to develop more affordable and versatile instruments that offer a commercial benefit to 
the end-users. In this sense, the most sensitive MIP-based sensors in real-life samples have a limit of 
detection (LoD) of 1.25 nM in blood,[78] 0.12 mM in artificial sweat,[77] 3.32 µM in saliva,[86] 44.4 µM 
in urine, (Chapter 3)[87] and 55.5 µM in artificial tear fluids.[99] Although the most sensitive MIP-based 
glucose sensor found in the literature demonstrates a much lower LoD in buffer solutions[116] (0.003 
nM) when compared to the above-mentioned works, the fabrication of an ultrasensitive device for 
glucose detection represents an academic exercise rather than a useful development in health 
diagnostics. In fact, the concentrations of the sugar in physiological fluids are in the millimolar or 
micromolar range. 
The majority of readout technologies employed for glucose detection using MIPs continued on the 
tradition of using electrochemical transducer principles to create user-friendly readout 
technology.[125] The specific techniques that were used include amperometry, voltammetry, 
potentiometry, and electrochemical impedance spectroscopy. Although electrochemical readouts 
represent the most validated transducer in the glucose sensing field, in the last few years, different 
alternative technologies have been successfully coupled to MIP-based platforms for the detection of 
sugars [126]. Therefore, MIP sensors for glucose that use transducers such as QCM,[114] HTM, (Chapter 
3)[87] SPR,[127] GC-MS,[91] and fluorescence spectroscopy[99] have started to appear in the last two 
decades. 

MIP-Based Electrochemical Glucose Sensors 

Electroanalytical techniques are a collection of different methods that use electrical stimulation to 
study surface changes upon rebinding of an analyte or the presence of the analyte in solution. As 
mentioned, the classic glucometers employ amperometry coupled with an enzyme that is able to 
selectively oxidize glucose; the techniques have also proven their efficacy when coupled to a MIP-based 
platform.[128,129] In particular, MIP-based amperometric glucose sensors have been fabricated by 
preparing molecularly imprinted polymer layers onto different types of electrodes.[93,105,106] In a 
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recently published work, the fabrication of a selective MIP glucose sensor based on the direct oxidation 
of the molecule on a bimetal catalyst with a MIP was reported (Figure 2.6). In this work, the sensor 
proved to be highly sensitive and demonstrated excellent performance in artificial and whole blood 
samples using chronoamperometry analysis. Moreover, the selectivity of the MIP-based platform was 
thoroughly evaluated by the exposure of the sensor to a wide variety of possible interferences (uric 
acid, acetaminophen, dopamine, ascorbic acid and L-cysteine), other monosaccharides (galactose, 
mannose, fructose, and xylose) and disaccharides (sucrose, lactose, and maltose).[105] 

 

Figure 2.6 Representation of the glucose-imprinted polymer preparation and the two 
electrochemical readouts employed for the rebinding studies. Figure reproduced with 
permission from ref. [105]. Copyright 2018, Elsevier. 

In MIP-based potentiometric sensors, generally, the MIP is incorporated into a polymeric membrane 
and then functions as a conventional ionophore of ion-sensitive electrodes.[130] As such, many works 
about potentiometric MIP sensors have been reported.[130,131] Between these, some research groups 
have demonstrated the applicability of potentiometric MIP sensors for glucose detection in buffer 
solutions,[85] as well as in physiological samples, such as saliva and blood.[104] Many MIP-based 
electrochemical biosensors use voltammetry as an electroanalytical method to detect a specific 
analyte.[132,133,134] Voltammetric sensors can recognize a target by analysing the current change as 
a function of the potential applied. Voltammetry can then be subdivided into many different types of 
techniques, depending on the mode of potential control. As such, techniques such as cyclic 
voltammetry (CV) [84,90,92,107,115,120], linear sweep voltammetry (LSV),[105] square wave 
voltammetry, (SWV)[78,88,108] differential pulse voltammetry (DPV)[83,86,94,107,119] and 
differential pulse stripping voltammetry (DPSV)[116] have been successfully applied in combination 
with MIP-based technologies for glucose analysis. In these sensors, the MIP acts as a recognition 
element that is able to selectively bind to the functionalized surface, resulting in a current change when 
a potential is applied. An unusual approach using a voltammetric MIP sensor can be seen in Figure 2.7; 
in this work, a synergistic enzyme–enzyme mimic (represented by the imprinted polymer) system has 
been developed and the sensor’s performance was thoroughly evaluated using CV voltammetry. The 
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fabricated sensor has proven to be highly selective towards D-glucose over three other structural 
analogues of the sugar (mannose, galactose and D-xylose). 

 

Figure 2.7 Preparation of the Fe3O4@Au-GOx-MIPS sensor and representation of the sensing 
mechanism achieved with CV analysis. Figure reproduced with permission from ref. [120]. 
Copyright 2022, Elsevier. 

Another electrochemical method used in MIP biosensors that has gained attention in the last few years 
is electrochemical impedance spectroscopy (EIS).[135] Impedimetric MIP biosensors allow the direct 
detection of a target without using any enzyme labels by measuring changes in charge conductance and 
capacitance at the sensor surface when the binding event occurs.[135,136] Thus, different 
impedimetric sensors for non-enzymatic glucose recognition have been developed in the last five 
years.[82,86,96] Even though several MIP-based electrochemical sensors for glucose detection have 
demonstrated to be a promising and reliable alternative to enzymatic devices (Table 2.2), factors such 
as their reproducibility in relevant environments and application in different physiological matrices still 
need to be addressed. In general, electrochemical MIP-based glucose sensors can build on the 
knowledge obtained in the decades of development in electrochemical enzyme-based glucose sensing. 
Furthermore, by coupling electrochemical readouts to electrodeposition techniques or electrospinning, 
there is the potential to use them for continuous monitoring. With this in mind, MIPs function in a 
different manner than enzymes and no ions are created during binding. Therefore, the effects are 
usually capacitive and require a reference electrode to distinguish rebinding effects from solvent 
exchange effects. This makes data interpretation and calibration more difficult. In addition, they require 
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some instrumentation and can only be combined with electrically conducting chip substrates. 
Therefore, in contrast to enzyme-based glucose monitoring, where electrochemical approaches have 
shown to be the most suitable tool, in MIP-based glucose sensing, other non-electrochemical 
approaches might offer certain benefits from a commercial perspective that allow them to become the 
most predominantly used technology. 

Table 2.2 MIP-based glucose sensors using electrochemical readout technologies. 

Readout 
Technology 

Real-Life Sample LoD Ref. 
 

Chronoamperometry - 1.77 mmol dm−3; 2.0 
µM 

[93,106] 

Chronoamperometry Artificial and whole 
blood 

Art. blood: 12.02 ± 0.6 
mg dL−1 

Whole blood: - 

[105] 

Potentiometry - 43.7 ± 1.6 mV/mmol 
L−1 

[85] 

Potentiometry Saliva and blood PBS: 0.19 ± 0.015 μM 
Saliva and blood: - 

[104] 

CV - 0.02 μM;–; 53 μM; 
0.09 μM; 5.0 μM 

[84,90,92,107,120] 

CV Simulative serum Buffer: 0.05 mM 
Sim. serum: - 

[115] 

SWV Simulative serum Buffer: 0.2 µg mL−1 
Sim. serum: - 

[108] 

SWV Human urine PBS: 5.88 µM 
Urine: - 

[88] 

SWV Blood 1.25 nM [78] 
DPV - 1.0 µM; 0.43 mM [94,119] 
DPV Blood PBS: 0.09 µM 

Blood: 0.11 µM 
[107] 

DPV Blood and rice wine Blood: 6.41 nM 
Rice wine: - 

[83] 

DPV Saliva PBS: 0.59 μg mL−1 
Saliva: 3.32 μM 

[86] 

DPSV Human urine Buffer: 0.003 nM 
Urine: - 

[116] 

EIS - -; PBS: 0.59 μg mL−1 
Saliva: 3.32 μM; 0.45 

mM 

[82,86,96] 

 

Other MIP-Sensing Readout Technologies for Glucose Detection 

MIPs are versatile materials that could be integrated into a wide array of non-electrochemical 
transducers.[52,137] In fact, different works have shown the potential of MIP-based sensors associated 
with readout technologies that rely on optical, thermal and mass-sensitive methodologies. (Table 
2.3)[137] The first MIP for glucose recognition was developed more than a decade ago; in this work, 
molecularly imprinted hydrogels were synthesized and their rebinding capabilities were analysed 
colorimetrically by using a spectrophotometer.[138] Another colorimetric method (DNS assay) was 
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successfully employed to evaluate the separation of different sugars from urine samples using 
imprinted polymers.[139] Although these early applications of colorimetric assays gave a deeper 
understanding of the binding characteristics of the synthesized polymers, they are not suited for 
diagnostic applications and, in the case of the latter, were mainly used as separation materials rather 
than sensing elements [140]. Other optical-based technologies have been effectively employed in 
combination with imprinted polymers, where the MIP film was directly analysed via different 
techniques. In two different works, MIP films selective for glucose recognition were prepared onto a 
gold layer and proof-of-applications in plant tissues or urine were achieved by Raman 
spectroscopy[141] and surface plasmon resonance (SPR),[127] respectively. Another example of optical 
readout coupled with MIPs for glucose detection was reported in literature.[99] In this work, a 
fluorescent MIP film was found to proportionally emit reduced fluorescence with increasing 
concentrations of glucose in synthetic tear fluids.[99] Optical transducers offer the benefit that they 
have been used extensively over the past few decades for the highly sensitive detection of numerous 
compounds in the most advanced analytical applications. For glucose detection, however, they are not 
suited due to their non-portable and expensive nature. On the other hand, very cheap lateral flow 
assays, which have also demonstrated great commercial biosensor success, in addition to glucometers 
(COVID-19 self-tests, pregnancy tests, etc.), have limited application in glucose sensing as they are often 
qualitative (providing a positive/negative result), while diabetics need to quantify the result. Therefore, 
the only approach that seems commercially interesting is to work with colorimetric detection principles 
that allow for quantification by means of a simple handheld spectrophotometer, or even a smartphone 
camera with an appropriate software package. Recently, a thermal readout principle that is similar to 
electrochemical approaches but requires less expensive machinery and offers straightforward data 
interpretation has been demonstrated for glucose detection (Figure 2.8). Two studies performed by 
two different research groups have shown different MIP synthesis approaches and have coupled them 
to the so-called heat-transfer method (HTM) for the detection of the sugar in artificial,[77] as well as 
physiological, samples.[87] In one of these works, selectivity analyses were performed by analysing the 
thermal response of the sensor to three different saccharides (fructose, lactose and sucrose) and 
demonstrated the sensor’s ability to discriminate between these small molecules. (Chapter 3)[87] The 
approach is very simple, as glucose MIPs are immobilized onto a cheap chip substrate, and a 
temperature gradient is applied over the chip using two thermometers and a heat source. Rebinding of 
glucose leads to a concentration-dependent change in this gradient. The method is extremely low-cost, 
requiring little to no equipment and data interpretation is very simple, leading to facile calibration. The 
main problem with HTM as readout technology resides in the difficult miniaturization of the transducer 
and the need to equilibrate the signal, which, therefore, limits its application in wearable applications 
for continuous monitoring. 
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Figure 2.8 Representation of HTM analysis after glucose rebinding to the MIP-based 
platform. Figure reproduced with permission from ref. [87]. 

In a work from 2016, a MIP biocompatible probe was developed and coupled with GC-MS for specific 
glucose monitoring in bovine serum, human urine and plant tissues (aloe leaf).[91] Although the work 
demonstrates the successful application of the probe in different matrices, the coupling with a 
technology such as GC-MS highly limits the possibilities of the sensors, due to the costs and the need 
for trained professionals to operate the instrument. Another non-electrochemical readout technology 
effectively employed in recent years in the field of MIP-based sensing is quartz crystal microbalance 
(QCM).[44] Mass-sensitive devices have been used by two different research groups in combination 
with MIP-coated QCM chips for glucose detection.[89,114] Although linear dose–response curves were 
obtained with increasing sugar levels, a real-life sample application is needed to accurately evaluate the 
sensor’s performance in a relevant environment. Moreover, QCMs are hard to miniaturize and mass 
produce, require gold-coated quartz substrates, which are relatively costly, and it is hard to distinguish 
specific rebinding from non-specific adsorption and medium change, making this approach a little less 
attractive from a commercial point of view. 

Table 2.3 MIP-based sensors coupled with non-electrochemical readout technologies. 

Readout 
Technology 

Real-Life Sample LoD Ref. 
 

Raman Apple PBS: 1 µg mL−1 
Apple: - 

[141] 

SPR Urine - [127] 
Fluorescence 
spectroscopy 

Artificial tear fluid 10 μg mL−1 [99] 

HTM Artificial sweat PBS: 0.10 ± 0.01 mM 
Artif. sweat: 0.12 ± 

0.01 mM 

[77] 

HTM Urine PBS: 19.4 μM 
Urine: 44.4 μM 

[87] 

GC-MS Bovine serum, human 
urine and plant tissues 

PBS: 0.7 µM 
Real-life samples: - 

[91] 

QCM - 4.4 mg L−1; 0.07 mM [89,114] 
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Promising MIP-Based Technologies for Glucose Sensing 
The success of enzyme-based home glucose monitoring can be explained by the fact that there was a 
large market need, as diabetics previously had no means of routinely assessing their blood glucose 
levels. This has led to a significant improvement in diabetic treatment and, as a result, the life quality 
of patients. Since their conception, electrochemical enzymatic glucose sensors have evolved 
tremendously and have dominated the market. Nonetheless, as the need for continuous monitoring 
devices and cheaper handheld solutions will continue to increase in the coming years, research towards 
new and improved ways of measuring glucose will also continue. Therefore, some of the MIP-based 
glucose sensors developed in the last few years could offer a valid alternative, especially in certain 
subfields that require specific device characteristics. Although MIPs and MIP sensors are still considered 
by many as a niche research area, mainly because of the absence of MIP sensors on the market, we 
conclude that some promising studies on MIP glucose sensors are present in the literature and should 
be further evaluated to reduce the gap with traditional enzymatic sensors (Table 2.4). 

Table 2.4 Overview of promising MIP technologies for glucose sensing. 

Readout 
Technology 

MIPs Production 
Method 

Real-Life 
Sample 

LoD Ref. 
 

Chronoamperometry Electropolymerization Artificial and 
whole blood 

Art. blood: 12.02 
± 0.6 mg dL−1 

Whole blood: - 

[105] 

Potentiometry Electropolymerization Saliva and blood PBS: 0.19 ± 0.015 
μM 

Saliva and blood: 
- 

[104] 

CV Photopolymerization 
+ electrodeposition 

Simulative serum Buffer: 0.05 mM 
Sim. serum: - 

[115] 

SWV Photopolymerization Simulative serum Buffer: 0.2 µg 
mL−1 

Sim. serum: - 

[108] 

SWV Photopolymerization 
(RAFT) 

Human urine PBS: 5.88 µM 
Urine: - 

[88] 

SWV Electropolymerization Blood 1.25 nM [78] 
DPV Electropolymerization Blood PBS: 0.09 µM 

Blood: 0.11 µM 
[107] 

DPV Electropolymerization Blood and rice 
wine 

Blood: 6.41 nM 
Rice wine: - 

[83] 

DPV Electropolymerization Saliva PBS: 0.59 μg mL−1 
Saliva: 3.32 μM 

[86] 

DPV Solid-phase synthesis - 0.43 mM [119] 
DPSV Photopolymerization 

+ electrodeposition 
Human urine Buffer: 0.003 nM 

Urine: - 
[116] 

Fluorescence 
spectroscopy 

Thermal 
polymerization 

Artificial tear 
fluid 

10 μg mL−1 [99] 

HTM Thermal 
polymerization + 
electrospinning 

Artificial sweat PBS: 0.10 ± 0.01 
mM 

Artif. sweat: 0.12 
± 0.01 mM 

[77] 

HTM Bulk polymerization Urine PBS: 19.4 μM 
Urine: 44.4 μM 

[87] 
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Thermal 
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HTM Thermal 
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The different characteristics of the sensor should be taken into account when analysing the valorisation 
potential of a sensing device. The major bottleneck in terms of commercialization in MIP-based glucose 
sensing lies in the synthesis approach of the receptors. Mass production is still largely missing with 
regard to MIPs, although several methods could offer a solution in the future. Bulk polymerization could 
be an interesting approach if the heterogeneity can be addressed or accounted for through calibration. 
However, the process of grinding, sieving, and extraction should be optimized and automated. More 
controlled approaches of photo- and thermal polymerization might overcome the heterogeneity issue 
in the future. Notwithstanding, at this point the yield of these approaches needs to be approved to 
make these approaches commercially viable. A potential solution might be to integrate the MIPs 
directly into a sensing substrate. This can be achieved by directly immobilizing the MIPs onto an 
electrically conducting surface through electropolymerization or by impregnating MIPs into fibres by, 
e.g. electrospinning or electrodepositions. Both methods are currently not scalable and additional 
research has to be conducted, but one can envision that it should be possible to automate the 
production process and produce large batches of homogenous MIP-covered chips. For now, the 
synthesis approach that appears to be the most mature in terms of commercialization is the solid-phase 
approach that can be automated in a reactor. The reaction yield needs to be improved, but significant 
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progress has been made in this respect in recent years. Although the scalability of the MIP synthesis 
procedure entails the largest bottleneck concerning their commercialization, transducers undoubtedly 
play a key role in the development of competitive glucose sensors. Expensive and inaccessible 
transducers (e.g. GC-MS, Raman spectrometers and SPR systems) are greatly disadvantaged in the 
development of PoC sensors, which is the main application for glucose sensors. Therefore, affordable 
and miniaturized readout technologies represent the election choice and between these, 
electrochemical readout technologies have made astonishing improvements in terms of affordability, 
miniaturization, and reliability. They profit from the commercial advances made in enzyme-based 
sensing and are compatible with some of the most promising MIP synthesis approaches, allowing for 
continuous monitoring approaches. Optical readout techniques, as mentioned before, are typically 
either very sensitive and used for lab-based sample analysis or extremely low-cost and user-friendly 
and used for qualitative diagnosis. However, as illustrated in the study mentioned in the table above, it 
would also be possible to use a handheld optical detector. In this case, a fluorescent spectroscopy 
approach was tested, which technically could be used for handheld sensing, but the requirement of an 
excitation source and fluorescent labels/monomers makes the technology more sensitive and also 
probably more expensive than electrochemical alternatives. A colorimetric alternative could offer a 
solution to this problem in the future. The HTM approach also has its benefits, mainly laying in the 
minimum amount of instrumentation required and the straightforward data interpretation, but 
miniaturization still has to be achieved and researched. Despite the fact that none of the MIP-based 
glucose sensors are at the stage of commercialization yet due to the bottlenecks discussed above, the 
performance of these sensors is rapidly increasing. Some of them reach sensitivities that are superior 
to those of enzyme-based platforms at a much lower cost, not only achieving detection in blood, but 
also in other matrices such as urine and sweat. As we move towards the non-invasive monitoring of 
glucose, these bodily fluids offer several advantages. The concentration in these samples is typically 
lower, but the MIP-based sensors have proven to have linear ranges in relevant concentration regimes, 
which offers a commercial advantage over the traditional glucometers. 
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Conclusions 
Recent advances in MIP-based sensor technology published in academic studies demonstrate that 
these devices are rapidly approaching real-life applications. Their long shelf-life, chemical stability, and 
low cost make them advantageous over enzymes. In addition, these devices have proven to work in 
challenging environments such as urine and sweat that contain lower concentrations of glucose. This 
illustrates their potential application in non-invasive and continuous monitoring tools. However, the 
main bottleneck that must be addressed remains in the synthesis of large batches of homogenous MIPs. 
This facet of MIP technology has long been neglected, while enzymatic biosensors, as well as 
immunosensors, have benefited from decades to even centuries of research on the function, synthesis, 
and immobilization of these natural receptors. 

Slowly, MIP technology is trying to close this gap, with scholars devoting attention to MIP synthesis 
procedures that not only lead to highly performant MIPs from an academic perspective, but also take 
the potential scalability and possibility for mass production into account. Technologies such as solid-
phase synthesis that takes place in automated reactors or fully automated electrospinning or 
electropolymerization approaches are rapidly evolving in this direction and multiple research groups 
are investigating ways to improve the more traditional approaches in this respect. As a result, we 
believe that MIP-based technologies may be a strong alternative to traditional enzymatic devices in the 
future and, by addressing the aforementioned obstacles to their commercialization, may finally reach 
the market. In combination with the continuously growing need for personalized medicine and non-
invasive sampling, MIP-based glucose sensors could profit from the momentum and academic know-
how in the coming decade or two, to achieve the next step towards commercialization, and therefore 
real-life application. 
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Preface to Chapter 3 
 

Chapter 2 discussed and highlighted possible approaches and obstacles that MIP-based sensors may 
face in their effort to become a viable alternative to traditional glucose detection devices. Their long 
shelf-life, high resistance, and low cost production make them advantageous over enzymatic sensors. 
In addition, MIP-based devices have proven to work in challenging environments and matrices, thus 
illustrating their potential application as non-invasive and continuous monitoring tools. Given its 
working principle and successful integration with imprinted polymers reported in literature, the so-
called "Heat-Transfer Method (HTM)" can be categorized as one of the promising readout technologies 
for the detection of glucose using MIP-based sensors. 

As a result, in Chapter 3, a research study on the fabrication and evaluation of a MIP-based biosensor 
targeting glucose using HTM is presented. In this work, the thermal transducer was used in combination 
with glucose MIPs to create a sensor for the detection of this critical biomarker in clinically relevant 
samples and concentrations. To this end, MIP particles were synthesized using a bulk polymerization 
and a dummy imprinting approach. The prepared MIP particles were then micro-contact deposited onto 
an aluminium-polyvinyl chloride (Al-PVC) substrate to generate a thermally conductive receptor layer, 
which was then evaluated via HTM method. Sensitivity and selectivity of the developed platform were 
studied via HTM analysis by exposing the platform to glucose and other saccharides in buffer solutions. 
Finally, a real-world sample analysis in human urine samples spiked with glucose demonstrated 
promising linearity and sensitivity, making the developed low-cost platform very interesting for 
commercial applications and follow-up studies. 
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Abstract 
Glucose bio-sensing technologies have received increasing attention in the last few decades, primarily 
due to the fundamental role that glucose metabolism plays in diseases (e.g. diabetes). Molecularly 
imprinted polymers (MIPs) could offer an alternative means of analysis to a field that is traditionally 
dominated by enzyme-based devices, posing superior chemical stability, cost-effectiveness, and ease 
of fabrication. Their integration into sensing devices as recognition elements has been extensively 
studied with different readout methods such as quartz-crystal microbalance or impedance 
spectroscopy. In this work, a dummy imprinting approach is introduced, describing the synthesis and 
optimization of a MIP toward the sensing of glucose. Integration of this polymer into a thermally 
conductive receptor layer was achieved by micro-contact deposition. In essence, the MIP particles are 
pressed into a polyvinyl chloride adhesive layer using a polydimethylsiloxane stamp. The prepared layer 
is then evaluated with the so-called heat-transfer method, allowing the determination of the specificity 
and the sensitivity of the receptor layer. Furthermore, the selectivity was assessed by analysing the 
thermal response after infusion with increasing concentrations of different saccharide analogues in 
phosphate-buffered saline (PBS). The obtained results show a linear range of the sensor of 0.019–0.330 
mM for the detection of glucose in PBS. Finally, a potential application of the sensor was demonstrated 
by exposing the receptor layer to increasing concentrations of glucose in human urine samples, 
demonstrating a linear range of 0.044–0.330 mM. The results obtained in this paper highlight the 
applicability of the sensor both in terms of non-invasive glucose monitoring and for the analysis of food 
samples. 

Keywords: molecularly imprinted polymers; glucose sensing; heat-transfer method; non-invasive 
glucose monitoring; non-enzymatic glucose sensor. 
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Introduction 
Glucose is the most abundant monosaccharide in nature and the most used aldohexose in living 
organisms.[1] It is essential in major catabolic cycles, including oxidative phosphorylation and glycolysis 
for the creation of glycogens, proteins, and lipids.[2] The monitoring of glucose in these systems is 
therefore of great importance as the molecule is a vital cog in the molecular machinery of many 
processes. Sensors that can deliver a fast, reliable, and cost-effective determination of glucose have 
therefore gained increasing attention in the past decades. Glucose sensors cover a wide range of 
possible applications, ranging from diabetes monitoring and food analysis, through to environmental 
monitoring and medical diagnostics.[3−5] Certainly, the most crucial application of glucose sensors is in 
the diagnosis and monitoring of diabetes mellitus, also known as diabetes. Diabetes is an incurable 
metabolic disease, characterized by high levels of blood glucose. The initial symptoms often include 
frequent urination, increased thirst, and blurry vision, and if not treated it could cause many 
discomforting and life-threatening medical complications.[6,7] The number of people with diabetes is 
increasing tremendously, and the World Health Organization (WHO) estimates 693 million diabetics 
worldwide by 2045.[8] In the United States alone, an increase of 54% from 2015 to 2030 is estimated. 
This will cause an increase in the total annual cost associated with diabetes by 53% from $407.6 billion 
in 2016 to more than $622 billion by 2030.[9] Therefore, it is of utmost importance to have a simple, 
fast, and robust sensing device to detect glucose both for the diagnosis and monitoring of diabetes to 
amortize these costs. Currently, commercial devices are mostly enzymatic-based electrochemical 
sensors in which the enzyme consists of glucose dehydrogenase or glucose oxidase;[10−13] in some 
devices, these enzymes are coupled with other agents, such as chromogenic agents to obtain 
colorimetric test strips.[14,15] The main limitation of these sensors lies in the low stability derived from 
the quaternary structure of the folded enzyme.[16] Therefore, a lot of attention has been given toward 
the development of non-enzymatic electrochemical sensors that do not suffer the same drawback.[17] 
Several enzyme-free glucose sensors have been developed in the past decades, with most of them being 
amperometric and colorimetric sensors.[18−21] Even though these non-enzymatic sensors overcame 
the stability issue, they presented new issues to resolve. The biggest challenges of which concern the 
mechanism of glucose oxidation on bare platinum surfaces, being innately unselective, leading to the 
possibility of interacting with multiple saccharides and consequently affecting the quantitative nature 
of the electrochemical sensors.[16] Thus, despite significant developments in the evolution of 
electrochemical sensors, fully non-invasive, fast, and cheap glucose-monitoring approaches are still 
required. 

One such emerging technology that offers promise to overcome the above-mentioned issues is the use 
of molecularly imprinted polymers (MIPs) in sensory arrays.[22,23] MIPs are synthetic polymer-based 
smart materials that contain nanocavities capable of selectively binding a molecular target. They are 
analogous to the natural antibody–antigen system,[24−26] though they do not suffer from the same 
instability in harsh environments. MIPs have received an increasing amount of attention from the 
scientific community[27−32] with their advantages over antibodies and enzymes extending past simple 
stability and encompassing factors such as simple preparation, low cost, higher physical robustness, 
resistance to extreme temperature and pressure, and resistance to acids, bases, and organic 
solvents.[33] These benefits increase the list of possible matrices with which analysis can be conducted, 
whereas with traditional affinity reagents, this would be unfeasible. With this said, another aspect that 
must be considered is the readout technology that the receptor layer is coupled with. 
Traditionally electrochemical readout platforms have been associated with the sensing of glucose. 
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However, these methods exploit the electrochemical reaction that occurs when glucose interacts with 
specific enzymes and antibodies. This electrochemical reaction is absent in a MIP-based sensory 
platform. Therefore it is a logical step to pair the synthetic receptor with a more compatible readout 
technology, such as the so-called “heat transfer method” (HTM). The HTM is a thermal sensing readout 
platform developed over the course of last 10 years.[34] The method has received increasing attention 
in the last few years and has recently been applied in the detection of bacteria and small molecules via 
the use of surface-imprinted polymers[35,36] and MIPs.[37−39] In essence, the method is capable of 
measuring the thermal resistance across a liquid–solid phase boundary, with MIPs being the receptor 
layer deposited between the two. The system employed makes use of a 3D printed polyether ether 
ketone (PEEK) flow cell in close contact with a copper block and the receptor layer (light grey material, 
Figure 3.1) As a target analyte is introduced in the liquid phase, it binds to the deposited MIPs, changing 
its thermodynamic properties, leading to a change in the thermal conduction path between the liquid 
phase and the solid phase (Figure 3.1). This difference is measured by monitoring the temperature of 
the liquid phase by means of a thermocouple, while the solid phase is continuously heated to 37 °C and 
is monitored by a complimentary thermocouple. The overall change in the recorded temperature in the 
liquid phase is observed as increasing concentrations of the analyte are introduced to the receptor 
layer, thus building a relationship between the increasing thermal resistance of the receptor layer and 
the concentration of the target present (Equation 3.1). 

𝑅𝑅�� = �����
�                                                                    (3.1) 
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Figure 3.1 Schematic illustration of the setup used during HTM analysis. The light-grey 
structure embedding the receptor layer and in close contact with the copper block represents 
a 3D printed polyether ether ketone (PEEK) flow cell. 

The chapter describes how a MIP-based sensor coupled with the HTM can be utilized in the sensing of 
glucose and how its application can be extended to physiological samples, such as urine. With this said, 
a consideration must be made when synthesizing a MIP capable of binding glucose. The absence of a 
functional group in the glucose molecule that is able to form a strong interaction with a monomer such 
as acrylamide (AAM) makes the direct imprinting of glucose a tricky task; therefore, a dummy imprinting 
approach is favoured. Glucuronic acid (GA) was selected as the dummy template and acrylamide as a 
functional monomer. This approach allows the formation of a strong interaction between the –COOH 
of GA and the functional monomer (Figure 3.2) and would therefore allow stronger interactions than 
those possible between glucose and AAM. Liquid chromatography–mass spectrometry (LC–MS) was 
used to demonstrate the binding capabilities of the dummy imprinted polymer to glucose. Furthermore, 
by varying the ratios of the template–monomer–cross-linker, it was possible to identify the best 
composition in terms of the imprinting efficiency by comparing the MIP with its corresponding non-
imprinted polymer (NIP). Once the best composition was obtained, the MIP particles were immobilized 
on a polyvinyl chloride (PVC) layer and deposited on an aluminium substrate to obtain a thermally 
conductive receptor layer that could be extensively analysed with the HTM. The analysis demonstrated 
the efficiency and reproducibility of the MIP-based platform for the detection of glucose. The selectivity 
of the receptor layer was then determined by analysing the response of the sensor to different 
carbohydrates and comparing the obtained dose–response curves with those obtained for glucose. 
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Furthermore, the response of the receptor layer to urine samples containing known concentrations of 
glucose was evaluated. The resulting limit-of-detection (LoD) and linear range for glucose were 
compared with the physiological concentrations of the molecule in urine. In this way the applicability 
of the sensor in glucose monitoring both for medical diagnostics and food analysis was evaluated. 

 

Figure 3.2 Chemical structures of glucose, glucuronic acid, and AAM. 
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Materials and Methods 
Chemicals and Reagents 

Prior to the polymerization, stabilizers were removed from the functional and crosslinking monomers 
by passing the reagents over a column packed with aluminium oxide. Acrylamide (≥99%), ethylene 
glycol dimethacrylate (98%), 2,2′-azobis(2-methylpropionitrile) (98%), tetrahydrofuran (≥99.9%), 
dimethyl sulfoxide (≥99.9%), acetic acid (≥99%), d-fructose (≥99%), d-lactose monohydrate (≥99.5%), 
and sucrose (≥99.5%) were supplied by Sigma-Aldrich. d-Glucuronic acid (98%) and methanol (≥99%) 
were supplied by Fisher Scientific. d-Glucose (≥98%) was purchased from TCI Chemicals. All solutions 
were prepared with deionized water with a resistivity of 18.1 MΩ cm–1 or with phosphate-buffered 
saline (PBS) solutions. Polydimethylsiloxane (PDMS) stamps were made with a Sylgard 184 elastomer 
kit obtained from Mavom N.V. (Schelle, Belgium). Aluminium chips were supplied by Brico NV (Korbeek-
Lo, Belgium) and cut to the desired dimensions (1 × 1 cm). Medi-Test Glucose test strips for the rapid 
detection of glucose in urine were purchased from VWR International. 

Synthesis of Dummy MIPs 

Dummy MIPs were synthesized accordingly to a previously described procedure.[40,41] To this end, 
functional monomer (AAM, 2 mmol, 142 mg), template (d-glucuronic acid, 0.25 mmol, 48.5 mg), cross-
linker (EGDMA, 3 mmol, 566 μL), and thermal initiator (AIBN, 0.25 mmol, 40 mg) were dissolved in 3 mL 
of dimethyl sulfoxide (DMSO). The mixture was then purged with N2 to remove any oxygen from the 
mixture before the initiation of polymerization. The polymerization was carried out at 65 °C for 10 h to 
allow the polymerization to be fully completed. The obtained monolithic bulk MIP was then 
mechanically ground, before washing with methanol to remove any unreacted components. Once 
extracted, the MIP particles were placed in a vial and dried in an oven overnight at 65 °C. The dried 
particles were then milled four times using a Fritsch Planetary Micro Mill Pulverisette7 premium line 
(300 rpm, 5 min, 10 mm balls). After milling, the particles were sieved at a 1.0 mm amplitude using a 
Fritsch Analysette 3 until a sufficient amount of the polymer was in the collection plate to achieve micro 
particles with sizes smaller than 100 μm. Finally, the template molecule (GA) was removed from the 
MIP by continuous Soxhlet extraction with a 1:6 mixture of acetic acid and methanol for 16 h, followed 
by another Soxhlet extraction with pure methanol for 16 h, and particles were then dried overnight at 
65 °C. A reference NIP was prepared in parallel following the same procedure. 

Thermal Gravimetric Analysis and Fourier-Transform Infrared Analysis 

The removal of the template from the MIP was determined through thermal gravimetric analysis (TGA) 
using a TA Instruments TGA 550 Auto Advanced. Measurements were performed under a nitrogen 
atmosphere at a heating rate of 10 °C/min. For each measurement, 2.5–4 mg of the polymer sample 
was used. The amount of polymers used for each measurement was between 2.5 and 4 mg. Further 
confirmation of template removal was conducted with an IR-Affinity-1S Fourier transform infrared 
(FTIR) spectrometer (Shimadzu Corp., Kyoto, Japan) coupled to an attenuated total reflectance (ATR) 
crystal, comparing the spectra of extracted, non-extracted, and GA samples. The instrument was set up 
to run 32 scans per measurement with a spectral resolution of 4 cm–1. The IR spectra were recorded 
between 4000 and 400 cm–1. The ATR crystal was cleaned with ethanol 70% v/v and acetone before 
starting the measurement for each new sample. A background spectrum was taken before measuring 
every new sample to account for environmental changes. 
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Batch Rebinding Experiments 

Rebinding experiments were conducted as follows: 20 mg of MIP/NIP particles was incubated with 5 
mL solutions of glucose in deionized water with concentrations ranging from 0.055 to 0.55 mM. The 
samples were then placed on a rocking table at 125 rpm for 90 min, before removing them and allowing 
the particles to settle. The resulting settled suspensions were filtered, and the filtrate was collected. 
The remaining free concentration of the target (Cf) in solution was then determined by LC–MS analysis. 
To enable these values to be calculated, a calibration graph for glucose was first generated by analysing 
the peak areas of the chromatogram at 198.09 m/z [M + NH4]+ for each of the concentrations. 

LC-MS Analysis 

The LC–MS system is composed of the following parts: a NEXERA ultra high performance liquid 
chromatography system, equipped with a Shimadzu LC-30AD solvent delivery unit, a Shimadzu CT-20AC 
column oven (max. column length 300 mm), an SPD-M30A photodiode array detector, and a single 
quadrupole mass spectrometer (LCMS 2020). The MS used a dual ionization source consisting of both 
electron spray ionization (ESI) and atmospheric pressure chemical ionization. The short column used 
was a Waters XSelect CSH C18 3 mm × 30 mm with a particle size of 3.5 μm operating at 30 °C. Solvent 
gradient 5% acetonitrile in water followed by a gradient to 95% acetonitrile in water and flushing of the 
column at 95% water. Both solvents were modified with 0.1% ammonium acetate. The obtained data 
was analysed using a MestReNova Software version 12.0.0. 

Deposition of Dummy MIP Particles by Micro-contact Stamping 

Aluminium plates were polished and cut to obtain the desired dimensions (1 cm × 1 cm with a thickness 
of 0.5 cm). To immobilize MIP particles, a PVC adhesive layer (0.4 wt% PVC dissolved in tetrahydrofuran) 
was deposited on the aluminium chip by spin coating (2000 rpm for 60 s with an acceleration of 1000 
rpm s–1). To stamp the particles on the PVC layer, a PDMS substrate, covered with a monolayer of MIP 
particles, was used. The PVC layer was heated for 2 h at a temperature above its glass transition 
temperature (100 °C), allowing the beads to sink into the polymer layer. The samples were cooled down 
prior to thermal measurements, and any unbound particles were washed off with distilled water. In this 
way, planar sensor electrodes were created in a very straightforward and low-cost manner. This is 
necessary because although reusing MIPs is possible, it would require regenerating the binding sites in 
the nanocavities by rigorous washing. This is not desirable so the design needs to be as low cost as 
possible to enable their use as disposable electrodes. 

Sensing Setup 

The thermal detection platform is described thoroughly in previous work.[42−44] Functionalized chips 
were pressed mechanically with their backside onto a copper block serving as a heat provider. The 
temperature of the copper underneath the sample, T1, was monitored by a K-type thermocouple (TC 
Direct). This information was fed into a temperature control unit that stringently controlled T1 by 
modifying the voltage over the power resistor (Farnell, Utrecht, The Netherlands) that heats the copper, 
using a software-based (Labview, National Instruments, Austin, TX, United States) proportional-
integral-derivative (PID) controller (P = 10, I = 8, D = 0). The functionalized side of the chip faced a 
polyether ether ketone (PEEK) flow cell, which was sealed with an O-ring to avoid leakage, defining a 
contact area of 28 mm2 and an inner volume of 110 μL. The flow cell is connected to a tubing system, 
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allowing the exchange of liquids in a controlled and automated fashion by means of a syringe pump. 
Every injection of the tested analytes was performed using a flowrate of 0.250 mL/min for 5 min. The 
temperature of the liquid inside the flow cell, T2, was measured by a second thermocouple placed 1 
mm above the chip. For each rebinding measurement, the signal was stabilized in PBS that was used as 
a background solvent for the measurements. The concentration of the target or analogue inside the 
flow was gradually increased (0.055–0.33 mM). The signal was allowed to stabilize for 20 min between 
subsequent additions. Data was analysed by monitoring the decrease in T2 after each addition (heat-
transfer method or HTM) while maintaining T1 at a constant 37.00 °C. This process was repeated for 
each of the following compounds using the above-mentioned concentrations: glucose, fructose, 
sucrose, and lactose, alongside the reference NIP. 

Sensing Setup 

Human urine samples were collected from a healthy individual and tested with a commercially available 
glucose-urine test. The absence of glucose in the collected samples was confirmed using Medi-Test 
Glucose urine test strips. Afterward, the urine samples were spiked with increasing concentrations of 
glucose (0.055–0.33 mM), and the obtained dilution series was then used for HTM analysis using the 
same sensing setup previously reported for both the analysis of the MIP/NIP. 
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Results and Discussion 
Template Removal Confirmation 

One of the critical steps in the preparation of MIPs is the template removal.[45] If any template 
molecules remain in the MIP network, less cavities will be available for the rebinding and therefore the 
rebinding capacity of the polymer will be inevitably affected. To ensure complete template removal 
from the synthesized MIP, TGA and FTIR analysis of non-extracted MIPs, extracted MIPs, and NIPs were 
performed. In the FTIR spectrum (Figure 3.3), the distinctive peak of GA (black line) at 3300–3500 cm–1 
(OH stretch) and the bands between 1050 and 950 cm–1 attributed to a combination of CO stretching 
and OH bending can be clearly observed. These are considered as the characteristic peaks of 
carbohydrates.[46,47] It can be clearly noticed that these peaks are not present in the NIP and extracted 
MIP spectra (green and blue lines) but instead present in the non-extracted MIP (red line). 

 

Figure 3.3 FT-IR analysis of the NIP, extracted MIP, non-extracted MIP, and GA. 

To further confirm the successful extraction of the template from the MIP, TGA analysis was performed 
(Figure 3.4). The TGA results show almost identical behaviour of the extracted MIP and NIP, where the 
degradation starts to take place at around 280 °C. On the other hand, a significant weight loss can be 
noticed in the non-extracted MIP starting from 110 °C, indicating the presence of GA in the polymer 
before extraction. 
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Figure 3.4 TGA analysis of the NIP, extracted MIP, and non-extracted MIP. 

Considering the FTIR and TGA results, it can be said with confidence that there is no significant 
presence of GA in the polymer after continuous Soxhlet extraction. 

Glucose Binding Analysis via LC–MS 

In order to identify the best composition for the binding of glucose, four different ratios of the 
template/monomer/cross-linker were synthesized and tested (Table 3.1). The compositions tested 
were based on the common ratios of the components found in the literature using AAM as a functional 
monomer, EGDMA as a cross-linker, and DMSO as a porogenic solvent. 

 

Table 3.1 Synthesized MIP/NIP Compositions 
MIP/NIP GA (mg) AAM 

(eq.) 
EGDMA 

(eq.) 
AIBN 
(mg) 

Solvent T (°C) 

MIP1 48.5 6 12 40 DMSO 65 
NIP1 

 
6 12 40 DMSO 65 

MIP2 48.5 8 12 40 DMSO 65 
NIP2 

 
8 12 40 DMSO 65 
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MIP3 48.5 6 16 40 DMSO 65 
NIP3 

 
6 16 40 DMSO 65 

MIP4 48.5 8 16 40 DMSO 65 
NIP4 

 
8 16 40 DMSO 65 

 

For each composition, a corresponding binding isotherm was generated by analysing the free 
concentration of glucose found in solution, Cf (mM) from the batch rebinding experiments. These values 
were then used to extrapolate the corresponding substrate bound (Sb) (μmol g–1) values, which indicate 
the number of moles of glucose bound per gram of the polymer at each data point, [48] thus enabling 
the obtained Sb to be plotted against Cf. The data were fit with Origin, version 2019b (OriginLabs 
Corporation, Northampton, MA, USA) using an allometric (y = axb) fit. All MIPs (black squares) were 
plotted alongside their corresponding NIP (red squares) (Figure 3.5). Of the compositions analysed, 
MIP/NIP-03 presented the lowest overall maximum binding capacities of 9.26 μmol g–1 for the MIP and 
2.37 μmol g–1 for the NIP (Figure 3.5c), thus demonstrating that with the higher concentration of the 
cross-linker and a lower amount of the functional monomer, the amount of cavities generated within 
the material was less when compared to the other compositions. MIP-01 (Figure 3.5a) and MIP-02 
(Figure 3.5b) demonstrated similar binding capacities of 15.29 and 15.59 μmol g–1, respectively. Though 
the values for these MIPs are similar, the values for their corresponding NIPs are not similar, with NIP-
01 showing a maximum binding capacity of 12.41 μmol g–1 and NIP-02 a maximum binding capacity of 
4.28 μmol g–1. It can therefore be stipulated that the higher amount of the functional monomer in MIP-
02 generates binding sites with higher affinity than the non-specific interactions observed in its 
corresponding MIP. The lower concentration of the functional monomer (MIP-01) demonstrates a less 
specific nature as MIP-01 demonstrates a similar maximum binding capacity to that of its NIP. 
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Figure 3.5 Rebinding analysis with LC–MS of (a) MIP/NIP1, (b) MIP/NIP2, (c) MIP/NIP3, and 
(d) MIP/NIP4. 

This therefore indicates that a certain threshold of the functional monomer is required to generate 
more specific molecular recognition. The reverse of this trend can be witnessed within MIP-03 and MIP-
04, though the cross-linker concentrations within these MIPs are higher than those with MIP-01 and 
MIP-02, thus indicating that the amount of the cross-linker present also affects the amount of specific 
binding observed between the MIP/NIP. MIP-04 has the highest of all the observed maximum binding 
capacities with a value of 25.39 μmol g–1 and a corresponding NIP value of 10.88 μmol g–1 (Figure 3.5d). 
To complement these values and to place a metric upon the amount of specific binding per MIP/NIP, 
the imprint factor (IF) was calculated for each formulation. The IF value is defined as the amount of Sb 
at a defined Cf for the MIP devised by the Sb value of the NIP at the same Cf value. The Cf value for this 
calculate tends toward the lower ends as these values tend to be unaffected by the saturation effects 
when higher concentrations of the analyte are present. With this in mind, Cf = 0.2 mM was selected to 
calculate the IF values for each of the MIPs. These values were calculated directly from the fitted binding 
isotherms and are reported in Table 3.2. Of the compositions analysed, it is unsurprising that MIP/NIP-
01 has the lowest specific binding toward glucose with an IF value of 2.12. The difference between the 
binding observed with the MIP/NIP is too similar, with this visually apparent lack of difference being 
reinforced by the calculated metric. It is however surprising that MIP/NIP-04 has a lower associated IF 
value when comparing the visually inspected graph. MIP-02 and MIP-03 were calculated to have similar 



86

   

 
 

IF values, with MIP-02 demonstrating to be the more specific of the two with an IF value of 5.18 when 
compared to an MIP-03 value of 4.15. Again, these values are clearly a direct result of the amount of 
the cross-linker and monomer used in the synthesis of the MIP/NIP. MIP-02 has a higher concentration 
of the monomer compared to the cross-linker, enabling a higher degree of specific binding due to the 
higher degree of interactions possible between the monomer and template. The same trend can be 
seen between the MIP-01 and MIP-04, with MIP-04 having the higher amount of a functional monomer 
and subsequently slightly higher IF values in comparison. Overall, when considering both the maximum 
binding capacity and the associated IF values of each MIP, it is clear that the MIP that should be used in 
further experimentation is MIP-02. MIP-02 has a respectable maximum binding capacity while also 
retaining a higher IF when compared to the other compositions. 

Table 3.2 Synthesized MIP/NIP Compositions 

MIP/NIP R2 Sb/μmol g–

1 (at Cf = 0.2 mM) 
IF (at Cf = 0.2 mM) 

1 0.9457 MIP: 6.54 2.12  
0.9058 NIP: 3.08 

 

2 0.8783 MIP: 13.05 5.18  
0.3874 NIP: 2.52 

 

3 0.9503 MIP: 8.6 4.15  
0.4508 NIP: 2.07 

 

4 0.9602 MIP: 16.09 2.29  
0.906 NIP: 7.03 
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Rebinding Analysis via the HTM 

After depositing the MIP/NIPs on aluminium chips that were spin coated with a thin layer of PVC (Figure 
3.6), the functionalized surfaces were subjected to HTM analysis. 

 

Figure 3.6 (a) Microscopy analysis of aluminium chips with deposited MIP particles. (b) 
Highlighted background in red showing a substrate without particles. Image was taken at 20× 
magnification. 

In doing so, each of the functionalized surfaces was exposed to increasing concentrations of glucose 
(0.00–0.33 mM) over a defined time frame (Figure 3.7). The measurements were conducted in PBS (pH 
= 7.4) with a stabilization temperature of 37 °C so as to imitate the physiological conditions and to 
ensure that the conducted measurements were relatable to the potential real-world samples. 

 

Figure 3.7 Schematic representation of the deposition of the MIP particles and rebinding 
analysis with the HTM. 

The analysis of both MIPs and NIPs was conducted in the exact same manner to enable the direct 
comparison of substrates functionalized with both kinds of receptors. During the analysis, it can be 
clearly seen that the temperature inside the flow cell decreases when a higher concentration of glucose 
is introduced in the flow cell with the MIP particles (Figure 3.8a, black line). This behaviour is 
characteristic of an analyte that is binding to the MIP, as binding events at the surface of the receptor 
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typically lead to an increased thermal resistance at the solid–liquid interface, which impedes the flow 
of heat to the solution inside the flow cell. In comparison, the same behaviour is not observed during 
the analysis of the NIP (Figure 3.8a, red line), though there is a negligible decrease inside the flow cell 
when a high concentration of glucose is present. This decrease, however, is primarily due to the non-
specific binding interactions that the glucose can have with any surface functionalities present in the 
NIP. The change in the temperature inside the flow cell can also be represented as a change in thermal 
resistance at the liquid-phase interface. The time-resolved thermal resistance data (Rth) of the MIP 
(black line) show that the decrease in temperature observed in Figure 3.8a can indeed be attributed to 
an increase in thermal resistance caused by glucose binding to the MIP particles (Figure 3.8b). When 
Rth is calculated for the NIP (red line), it is clear that the NIP does not behave in the same manner as the 
MIP and the thermal resistance of the receptor does not change much over the entire tested 
concentration range. These results are comparable with the ones presented in previous works where 
other biomolecules (vitamin k and other small molecules such as histamine, nicotine, and serotonin) 
were analysed with the same thermal readout setup.[42,49] 

 

Figure 3.8 (a) Temperature profile and (b) Rth variations of the MIP/NIP after infusions with 
varying concentrations of glucose (0.00–0.33 mM) in PBS. 

The time-resolved temperature profiles for the MIP and NIP were used to construct dose–response 
curves, plotting the effect size as a function of the change in temperature against the concentration of 
glucose introduced into the flow cell (Figure 3.9). 
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Figure 3.9 Dose–response curve obtained by HTM analysis of the MIP/NIP after infusions of 
different concentrations of glucose, the blue dashed line reveals the LoD (3σ method) at ± 
19.4 μM. Error bars and mean values are calculated using the noise of the signal and are the 
average of multiple measurements. 

The effect size (%) was obtained by dividing the decrease in temperature at each concentration by the 
average baseline temperature obtained after stabilization in PBS (Equation 3.2). 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑠𝑠𝑠𝑠𝑠𝑠e �%� = ��
����

× 100                                                                                             (3.2) 

The data was fit with Origin, version 2019b (OriginLabs Corporation, Northampton, MA, USA) using an 
allometric (y = axb) fit for both the MIP (black curve, R2 = 0.9593) and NIP (red curve, R2 = 0.89887). 

The LoD was calculated from the dose–response curve of the MIP (blue dashed line) using the 3σ 
method, corresponding to three times the maximum y-axis noise on the signal throughout the 
measurement. The reason for taking the error on the measurement signal (intra-sample variability) 
rather than the standard error on the average of three measurements (inter-sample variability) is that 
the former is bigger than the latter. While this shows the sensitivity limitations of the low-cost readout 
technology, it also demonstrates that the electrode production process is highly reproducible and leads 
to a high degree of repeatability in the resulting sensor platform. This y-value was then plotted and its 
intercept with the black curve was the calculated LoD for the sensor being 19.4 μM. The calculated 
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intercept for the LoD (19.4 μM) is greater than the curve plotted for the NIP data, demonstrating that 
the sensor is capable of detecting concentrations of glucose that bind specifically. Therefore, this adds 
a degree of reliability to the sensor as it is able to differentiate between non-specifically bound and 
specifically bound glucose. The sensor demonstrates the saturation effects toward the higher 
concentrations (above 0.25 mM) and seems to plateau as the concentration tends toward 0.33 mM. 
The reference NIP is shown to saturate at much lower concentrations (0.2 mM) and has an observably 
lower effect size in comparison to the MIP. 

Selectivity Analysis of the Receptor Layer 

To demonstrate the selectivity of the optimized MIP toward glucose, further HTM analysis was 
conducted. The same experimental parameters and procedures as per the glucose rebinding analysis 
with the HTM readout were used for the analysis of the analogues. The tested competitive analytes 
were selected based on the chemical structure and function in the body, therefore a monosaccharide 
(fructose) and two disaccharides (sucrose and lactose) were tested, and the binding response was 
analysed. To this end, fructose was analysed due to its similarity with glucose, though it is important to 
notice that despite having the same chemical formula (C6H12O6), they differ structurally. To further 
determine the selectivity of the sensor, sucrose and lactose were analysed. Both molecules are 
composed of two monosaccharide units, one of them being glucose and the second one being fructose 
and galactose, respectively. In order to observe a direct comparison between glucose and the other 
tested analytes, the same concentration ranges previously analysed (0.055–0.33 mM) were applied, 
and the thermal response was then transformed directly into an effect size (%) as previously described 
(Equation 3.2). 
The effect sizes were then plotted against the concentration for each analyte, and the different dose–
response curves for MIPs (Figure 3.10a) and NIPs (Figure 3.10b) were obtained. Overall, none of the 
tested analytes demonstrated a higher binding affinity than glucose toward the MIP (Figure 3.10a). This 
difference was apparent from a Cf of 0.05 mM, where there is a clear differential between glucose and 
the other molecules. The difference in effect size is then seen to increase as the concentration of the 
analyte in solution does, demonstrating a higher selectivity toward glucose at higher concentrations. 
This said, when analysing samples at the lower Cf range, the analogues still have the potential to 
interfere with the sensor as they interact with the sensor in the LoD range. For medical diagnostics, this 
is not a problem as the physiological concentrations encountered are typically higher but it might limit 
the use of the sensor in industrial applications such as monitoring fermentation processes in large 
bioreactors. When analysing the NIP data, the analogues demonstrate a similar affinity to that of 
glucose. Of the compounds tested, lactose is the most similar to glucose with the signal being barely 
differentiable. This highlights the non-specific interactions between the NIP and the other analogues, 
though as with glucose an IF value can be calculated for each of the compounds (Table 3.3). 
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Figure 3.10 (a) HTM analysis of compounds (glucose, fructose, sucrose, and lactose) 
introduced inside the flow cell and infused at increasing concentrations in PBS (0.00–0.33 
mM) and their corresponding dose–response curves for (a) MIPs and (b) NIPs. Error bars and 
mean values are calculated using the noise of the signal and are the average of multiple 
measurements. 

Table 3.3 IF Values of the tested analytes at Cf = 0.2 mM 

Analyte IF (Cf = 0.2 mM) 
Glucose 2.95 
Sucrose 1.60 
Lactose 1.22 
Fructose 0.56 

 
It should be noted that the disaccharides containing one glucose unit in their structure (sucrose and 
lactose) have a higher affinity for the MIP when comparing the IF of these with the one of fructose. 
Since the nanocavities present in the polymer are specifically made to fit a GA (and therefore glucose) 
unit, the response shown for sucrose and lactose is attributed to the presence of the glucose unit. 

Application of the MIP Sensor for the Determination of Glucose Levels in Human Urine Samples 

The applicability of the sensor for medical diagnostics was illustrated in by investigating the sensor’s 
ability to determine the glucose levels in urine samples. The same experimental parameters and 
procedures as per the analysis conducted in PBS were used for the analysis of glucose levels in human 
urine samples. To this end, urine samples were collected from a healthy volunteer and analysed with a 
commercial enzyme-based colorimetric glucose detection kit in order to confirm the absence of glucose 
in the collected urine samples (Figure 3.11).  
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Figure 3.11 Test strips for detection of glucose in urine show no presence of glucose in the 
collected urine samples. 

In order to show a direct comparison between the thermal response obtained in PBS and the one 
obtained in urine samples, the urine samples were spiked with the same concentration of glucose 
(0.055–0.33 mM) previously analysed. Dose-response curves for both the MIP and NIP were obtained 
by plotting the effect size as a function of the change in temperature against the concentration of 
glucose in urine introduced in the flow cell (Figure 3.12). The effect of size (%) was calculated in the 
same manner using the previously reported equation (Equation 3.2). The data was fit with Origin, 
version 2019b (OriginLabs Corporation, Northampton, MA, USA) using an allometric (y = axb) fit for both 
the MIP (black curve, R2 = 0.9753) and NIP (red curve, R2 = 0.5756). The LoD was calculated using the 
same method as the one obtained from the curve in PBS (3σ method) and was found to be 44.4 μM. 
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Figure 3.12 Dose–response curve obtained by HTM analysis of the MIP/NIP after infusions of 
different concentrations of glucose in spiked human urine samples, the blue dashed line 
reveals the LoD (3σ method) at ± 44.4 μM. Error bars and mean values are calculated using 
the noise of the signal and are the average of multiple measurements. 

 
Similar to the experiments performed in PBS, the calculated intercept for the LoD in urine samples is 
greater than the curve plotted for the NIP data, demonstrating that the sensor is capable of detecting 
glucose in a quantitative and specific manner in human urine samples as well as in PBS. When 
comparing the dose response curves obtained with the HTM analysis using PBS or urine as a medium, 
the sensor demonstrates a very similar behaviour. It can be clearly noticed that in both the dose–
response curves (Figures 3.9 and 3.12), an observably lower effect size is observed for the reference 
NIP when compared with the MIP. Even though the calculated LoD is higher in urine than in PBS 
samples, 44.4 and 19.4 μM, respectively, the sensitivity of the sensor in urine is higher than the one 
calculated for many commercial enzyme-based sensors and therefore demonstrates the applicability of 
the sensor in the monitoring and quantification of glucose in diabetic patients. 

Selectivity Analysis of the Receptor Layer in Human Urine Samples 

The selectivity of the developed platform in human urine samples was demonstrated with further HTM 
analysis. This was achieved by analysing the thermal response after injection of the same compounds 
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(fructose, sucrose and lactose) and concentrations used for the selectivity studies in buffer solutions. 
The recorded thermal response was then transformed into an effect size (%) as previously described 
(Equation 3.2) and plotted against the injected concentration of the analyte in urine samples (Figure 
3.13). 

 

Figure 3.13 HTM analysis of compounds introduced inside the flow cell and infused at 
increasing concentrations (0.00–0.033 mM) in human urine samples and their corresponding 
dose–response curves for MIPs. Error bars and mean values are calculated using the noise of 
the signal and are the average of multiple measurements. 

Overall, none of the tested alternative analytes show a higher binding affinity towards the MIPs than 
Glucose. This difference was apparent from the first injection (0.05 mM), in addition the difference in 
effect size is seen to increase as the concentration of the analyte introduced does. This demonstrates a 
higher selectivity toward glucose at higher concentrations. It can be noticed that the disaccharides 
containing a glucose unit (sucrose and lactose) show a higher rebinding effect than fructose, attributed 
to the fact that the navocavities present in the MIP are made to fit a GA (and therefore a glucose) unit. 
Since the effect sizes obtained in PBS are comparable with the ones obtained in human urine samples 
for each of the tested compounds, it is demonstrated that selectivity and specificity of the sensor are 
not highly affected by the matrix in which the analytes are present. 
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Conclusions 
In this work, a straightforward approach for the synthesis of MIPs for glucose using a dummy imprinting 
technique was presented. The imprinted polymer was prepared using GA as the dummy template to 
obtain receptors that could bind glucose. By preparing MIPs with different molar ratios of 
GA/AAM/EGDMA, an optimized MIP recipe was obtained to ensure the specific interaction between 
the target and the receptor. Template removal from these synthesized MIPs was studied using FTIR and 
TGA, providing a strong proof that the template molecule is indeed removed and functions optimally. 
Rebinding experiments analysed with LC–MS proceeded to be used to construct binding isotherms for 
each of the compositions. These isotherms were analysed in terms of maximum binding capacity and 
IF values, where MIP-02 was determined to have the best composition for binding glucose (IF = 5.18, Sb 
max = 15.59 μmol g–1). The optimized MIP was then scrutinized further by thermal analysis with the 
HTM. The analysis of the MIP samples was performed in phosphate buffer solutions, where a LoD of 
19.4 μM and a linear range of 19.4–330 μM was achieved. The sensor therefore operates in a 
concentration regime that is two orders of magnitude higher than physiological concentrations 
encountered in blood. However, for other applications such as the detection of glucose in sweat, urine, 
food products, or industrial applications, the higher apparent sensitivity renders it beneficial over 
traditional, commercial enzymatic glucose sensors. The same analysis was then conducted for different 
analogues of glucose (sucrose, lactose, and fructose), determining that the sensor had greater affinity 
toward glucose than any of the molecules tested. Finally, the MIP particles demonstrated their 
efficiency in detecting glucose in physiological fluids. To this end, human urine samples were collected 
and analysed with the HTM. The sensor exhibited an LOD of 44.4 μM and a linear range of 44.4–330 
μM, demonstrating the applicability of the sensor in both establishing urine glucose concentrations. 
The combination of a low-cost detection platform with a straightforward, easily scalable production 
process, leading to a disposable glucose sensor that is competitive to state-of-the-art sensor platforms, 
makes these findings very interesting in terms of commercial applications. Hence it is worthwhile to 
conduct follow-up research to further optimize the sensor and integrate it into a handheld or wearable 
device. The results demonstrate that the sensor might offer a non-invasive, low-cost alternative to 
traditional enzyme-based and/or electrochemical methods in terms of medical diagnostics. In addition, 
the sensitivity of the sensor also makes it interesting to study other potential applications such as its 
use in food analysis or the monitoring of industrial fermentation processes. 
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Preface to Chapter 4 
 

In the last decades, MIPs have attracted increasing attention, firstly as sorbent materials in separation 
science, and more recently as synthetic receptor elements in biosensor devices. Several MIP-based 
sensors have been developed and coupled with a wide array of transducers for the detection of 
important biomarkers in the healthcare sector. The research focus of MIP-based sensing platforms is 
now shifting towards the development of sensors able to recognize the target in complex matrices 
(patient samples, food products…) and to improve the MIP synthesis process towards mass-production. 
In Chapter 3, the use of low-cost bulk MIP particles for the thermal detection of glucose was illustrated. 
The research concluded with the detection of glucose in a challenging matrix, such as human urine 
samples using HTM as transducer technology. The findings therefore demonstrate the potential of such 
a MIP-based platform for non-invasive diabetes monitoring. 

In the following chapter, the versatility of MIP-based HTM platforms is evaluated by developing a similar 
sensor application in food safety. We will develop MIPs for the detection melamine, an harmful 
molecule sometimes found in milk and milk products. In this study, a MIP-based thermal biosensor will 
be fabricated using a similar, low-cost fabrication process to the one described in the previous chapter. 
Selectivity and sensitivity of the platform towards melamine will be initially evaluated in CaCl2 solutions 
(to mimic dairy products) with the HTM method. Furthermore, by analysing and recording the thermal 
response of the sensor in untreated melamine-spiked milk samples, we will try to demonstrate a proof-
of-application. The ability to reliably identify melamine-contaminated milk samples, which is  a crucial 
issue in food safety analysis, would further illustrate the sensor’s wide application range. 
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Abstract 

In recent years, melamine-sensing technologies have increasingly gained attention, mainly due to the 
misuse of the molecule as an adulterant in milk and other foods. Molecularly imprinted polymers (MIPs) 
are ideal candidates for the recognition of melamine in real-life samples. The prepared MIP particles 
were incorporated into a thermally conductive layer via micro-contact deposition and its response 
towards melamine was analysed using the heat-transfer method (HTM). The sensor displayed an 
excellent selectivity when analysing the thermal response to other chemicals commonly found in foods, 
and its applicability in food safety was demonstrated after evaluation in untreated milk samples, 
demonstrating a limit of detection of 6.02 μM. As the EU/US melamine legal limit in milk of 2.5 mg/kg 
falls within the linear range of the sensor, it can offer an innovative solution for routine screening of 
milk samples in order to detect adulteration with melamine. The results shown in this work thus 
demonstrate the great potential of a low-cost thermal platform for the detection of food adulteration 
in complex matrices. 

Keywords: melamine; molecularly imprinted polymers (MIPs); milk; heat-transfer method (HTM); food 
adulteration testing; low-cost melamine detection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103

4

 
 

 
 

Introduction 
Melamine (C3H6N6) is a heterocyclic organic compound that is widely used in combination with 
formaldehyde and other agents to produce synthetic resins. Melamine resins are hard and highly 
durable materials, which find their application in the manufacture of many products, such as 
kitchenware and laminates.[1] Furthermore, because of its high nitrogen content (66% by mass), low 
price, and the fact that protein levels in milk are indirectly assessed via the total nitrogen content, it 
has been added intentionally into milk in order to mimic protein-rich milk products.[2,3] The oral 
ingestion of high concentrations of melamine can cause serious health issues, including bladder 
cancer,[4] renal failure,[5] or even fatality in humans and animals.[6,7] For this reason, the maximum 
residual levels allowed in milk and milk products are set at 2.5 mg/kg by The Codex Alimentarius 
Committee (CAC).[8] Sensors that allow for routine screening of dairy products in a low-cost manner 
could enable end-users and industrial stakeholders at various points in the dairy production value chain 
so as to identify melamine adulteration rapidly and significantly decrease its adverse effects on the 
general healthcare system.[9] In the last few years, several well-established techniques have been 
developed for the quantification of melamine levels in milk products. However, most of these essays 
are based on expensive lab-based technologies such as high-performance liquid chromatography 
(HPLC),[10] liquid chromatography–tandem mass spectrometry (LC–MS/MS)[11,12], and surface-
enhanced Raman scattering spectroscopy (SERS)[13,14]. Although current laboratory tests are very 
sensitive and can accurately determine the melamine levels in the samples, the analysis is typically slow 
and costly. Moreover, such complex matrices often require pre-treatment of the food sample to 
accurately perform these analyses.[15,16] As a result, standard practice is to only take samples at 
regulatory intervals and to screen them for melamine adulteration, leaving several cases unnoticed. 
Low-cost alternatives that allow for routine screening of products are thus highly desirable. Although 
low-cost melamine sensors are already present in the market, they usually do not offer quantifiable 
information in terms of the legal limit and they require reagents or labels. Moreover, these commercial 
sensors are based on enzymes, colloidal gold, or antibodies, with the main disadvantage for these being 
their limited stability, thus leading to relatively short shelf-life and the need for storing the sensor at 
determined temperatures and conditions. Biosensors could offer a low-cost alternative and in recent 
years, biosensors based on so-called molecularly imprinted polymers (MIPs) have specifically gained 
attention.[17-20] MIPs are synthetic receptors capable of selectively binding to a target through a “lock 
and key” mechanism and, as such, are considered synthetic substitutes of natural antibodies.[21] MIPs 
have been extensively studied in the last decades, and their high application potential in food safety 
and clinical diagnostics[22-25] is primarily due to the advantages over their natural counterparts in 
terms of chemical and environmental stability, straightforward preparation, and cost-effectiveness 
[26,27]. These features make MIPs ideal candidates for the recognition of different molecules and 
biomarkers in complex matrices.[28-30] To develop viable sensors, MIPs need to be combined with a 
readout technology that is capable of converting binding events at the receptor surface into a 
quantifiable signal, while operating in complex media. The heat-transfer method (HTM)[31] can detect 
temperature changes across a solid–liquid interface, allowing for various targets, ranging from small 
molecules to bacteria, and, more recently, viral antigens for COVID-19 diagnosis.[32-36] In short, when 
the target solution is introduced into the flow cell, MIP particles bind to the analyte, resulting in a 
thermal change at the interface. This change is then detected as a change in temperature in the medium 
above a sensor chip, registered by a thermocouple placed inside the flow cell (TC-2), while another 
thermocouple (TC-1), coupled to a PID-based temperature control system, stringently steers the input 
temperature underneath the sample (Figure 4.1). By actively steering the temperature input and 
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monitoring the temperature output, the sensor is able to monitor the difference in thermal resistance 
across the solid–liquid interface. 

 

Figure 4.1 Graphical representation of the HTM analysis setup. 

The study in this chapter aims to prove that an HTM-coupled, MIP-based melamine receptor can form 
the basis for routine analysis and a low-cost adulteration sensor in untreated food samples. Therefore, 
in this work, MIPs were synthesized and optimized for the detection of melamine by varying the recipe 
composition. The rebinding performance of each of the resulting MIPs was analysed using UV–VIS 
spectroscopy. The analysis of the rebinding capabilities and the imprinting efficiency of the different 
recipe compositions permitted the selection of the best MIP ratio, which was then used throughout the 
chapter for all of the HTM measurements. The optimized MIP particles were then integrated into a 
sensing chip via micro-contact deposition on a polyvinyl chloride-covered aluminium HTM substrate. 
The resulting sensor illustrated the specificity and reproducibility of the MIP-platform for the detection 
of melamine in CaCl2 when compared with the corresponding NIP. The selectivity of the layer was 
established by comparing the thermal response of the receptor layer to the target and molecules that 
are commonly found in milk samples (cyanuric acid and lactose) or other contaminants found in 
different foods and beverages (bisphenol A). To demonstrate the application of the sensor in food 
safety analysis, it was exposed to known concentrations of melamine in untreated milk samples, and 
the thermal response was recorded and evaluated. The resulting linear range and LoD were compared 
with the legal limit in EU and USA, proving the applicability of the MIP-based platform for the 
monitoring and detection of melamine levels in food samples. 
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Materials and Methods 
Chemicals and Reagents 

Melamine (99%), D-lactose monohydrate (≥99.5%), bisphenol A (≥99%), polyvinyl chloride (MQ200), 
acetic acid (99.8%), calcium chloride (≥97%), methacrylic acid (99.5%), tetrahydrofuran (99.5%), 
dimethyl sulfoxide (99.7%), and 2,2′-azobis(2-methylpropionitrile) (98%) were purchased from Sigma-
Aldrich Chemie B.V. (Zwijndrecht, the Netherlands). Ethylene glycol dimethacrylate (98%) and methanol 
(≥99.9%) were obtained from TCI Chemicals. Cyanuric acid (99%) and ethanol (96%) were purchased 
from Fisher Scientific (Landsmeer, the Netherlands). Prior to polymerization, functional and cross-
linking monomers were passed over an aluminium-oxide-packed column to remove stabilizers. All stock 
solutions were prepared with Milli-Q water of 18.2 MΩ cm−1. Polydimethylsiloxane (PDMS) stamps were 
made using the Sylgard 184 elastomer kit supplied by Mavom N.V. (Schelle, Belgium). Aluminium chips 
were obtained from Brico N.V. (Korbeek-Lo, Belgium) and cut to 1 cm2 surfaces. The melamine rapid 
test kit was purchased from Ballya Bio-Med Co., Ltd. (Guangzhou, China). 

Synthesis of Molecularly Imprinted Polymers 

The ratios and procedures employed for the synthesized MIPs were based on previous literature 
regarding the monolithic polymerization of molecularly imprinted polymers for other targets.[37,38] 
The best rebinding efficiency in this study was obtained with a 1:14:28 ratio of 
template/monomer/cross-linker. In short, MEL template (0.25 mmol, 31.5 mg), MAA functional 
monomer (3.5 mmol, 297 μL), EGDMA cross-linker (7 mmol, 1.32 mL), and AIBN initiator (0.24 mmol, 
40 mg) were dissolved in dimethyl sulfoxide (DMSO; 5 mL). The reaction mixture was bubbled with N2 
for 20 min to remove the oxygen before polymerization. Next, the mixture was heated to 65 °C for 8 h. 
The resulting bulk MIP were then ground into finer particles and washed with methanol to remove 
unreacted reagents. The MIP solids were then collected by filtration and dried in an oven for 12 h at 65 
°C. The dried particles were milled three times using a Fritsch Planetary Micro Mill Pulverisette7 
premium line (300 rpm, 3 min, and 10 mm balls), after which the powder was collected and stored. 
Finally, melamine was extracted from the MIP via Soxhlet extraction (1:10 mixture of DI water to 
ethanol) for 16 h, and subsequently methanol for another 16 h. The extraction cycles were repeated 
until no template molecule was detected via UV–VIS spectroscopy. The extracted particles were then 
dried at 65 °C for 12 h. A reference NIP was prepared in parallel following the same procedure, but in 
the absence of the analyte. 

Fourier-Transform Infrared Spectroscopy 

Complete template extraction was confirmed through comparative IR spectroscopic analysis of the 
extracted MIP and non-extracted MIP and NIP samples, using an IR Spirit Fourier transform infrared (FT-
IR) spectrometer (Shimadzu Corp., Kyoto, Japan) set at 64 scans and 8 cm−1 spectral resolution per 
measurement, with a spectral range of 4000 to 400 cm−1. 

Batch Rebinding Experiments 

Optical batch rebinding experiments were recorded with a Shimadzu UV-1900i spectrophotometer. To 
establish the binding affinity of the MIP/NIP, 20 mg of MIP/NIP particles were incubated with 5 mL 
solutions of melamine in Milli-Q water, with a concentration range from 0.02 to 0.5 mM. The samples 
were then shaken at 130 rpm for 90 min. The suspensions were then left to settle, after which the 
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filtrate was collected and analysed using a UV–Vis spectrophotometer. The remaining unbound 
concentration of melamine (Cf) in solution was then determined by UV–Vis spectroscopy, using a 
calibration curve for melamine that was generated prior at λ max (235 nm). 

Preparation and Characterization of MIP-Based Receptor Layer 

The MIP-based receptor layer was prepared according to previous literature (Chapter 3), with slight 
modifications.[39] First, a polyvinyl chloride (PVC) adhesive layer was deposited on the aluminium chip 
by spin coating (1000 rpm for 60 s with an acceleration of 1000 rpm s−1) a 2.0 wt% PVC solution in 
tetrahydrofuran. Next, a PDMS substrate (1 cm2), covered with a monolayer of MIP particles, was used 
to stamp the particles into the PVC layer. The PVC layer was heated to above the glass transition 
temperature (100 °C), allowing the particles to settle into the polymer layer. After cooling, the unbound 
particles were washed away with DI water before thermal measurements. 
The developed platform was characterized by analysing the sensor’s surface prior to and after 
deposition of the MIP particles onto the Al-PVC substrate. To this end, the samples were punched into 
12 mm disks and after gold coating, the samples were imaged using a Jeol JSM-IT200 InTouchScope 
scanning electron microscope (JEOL, Peabody, MA, USA) at V = 10 keV. For analysis of the chemical 
composition of the Al-PVC layer and of the deposited MIP particles, the samples were then studied 
under an energy dispersive X-ray analyser (EDX) coupled to the Jeol JSM-IT200 microscope (see Figure 
4.2). 

Characterization of MIP-based receptor layer 

In order to characterize and demonstrate the successful deposition of the MIP particles onto the Al-PVC 
substrate, SEM and EDX analysis of the receptor layer prior and after deposition were performed (Figure 
4.2). When comparing the SEM images of the Al-PVC layer before and after deposition it is evident the 
large amount of imprinted micro particles deposited onto the substrate (Figure 4.2C), while in Figure 
4.2A a smooth layer onto the aluminium substrate can be observed. An examination of the chemical 
properties of the Al-PVC layer via EDX analysis (Figure 4.2B) shows the presence of Al, C, O, and Cl 
confirming the formation of the PVC layer onto the Al substrate. Instead, when analysing the deposited 
MIP particle (Figure 4.2D) it can be clearly noticed the prevalence of the elements C and O. This result 
can be expected considering the chemical structures of monomer and cross-linker used to produce the 
imprinted polymer. 
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Figure 4.2 SEM images of A) Al-PVC layer and C) MIP-based receptor layer. EDX analysis of B) 
Al-PVC layer and D) deposited MIP particle. 

Heat-Transfer Sensing Setup 

The thermal detection platform has been described in detail in previous work.[40] In short, the MIP-
coated aluminium substrates were attached to a copper heat sink. The temperature of the heat sink, 
T1, was stringently controlled using a K-type thermocouple (TC Direct, Nederweert, the Netherlands), a 
power resistor (Farnell, Utrecht, the Netherlands), and a software-based proportional-integral-
derivative (PID) controller (P = 10, I = 8, D = 0) in Labview (National Instruments, Austin, TX, USA). The 
MIP layer was exposed to the samples under analysis by means of an injection moulded polycarbonate 
(PC) flow cell (A = 28 mm2, V = 110 μL). Samples were injected into the flow cell by means of a syringe 
pump at a flowrate of 0.250 mL/min for 5 min. To monitor the thermal resistance at the solid–liquid 
interface (the MIP-functionalized surface), a second thermocouple monitored the temperature inside 
the flow cell, T2, at a constant input temperature of 37.00 °C. To mimic milk, CaCl2 solutions (1.6 mM) 
were used as buffer solutions to stabilize the signal. Gradually, the melamine or analogue concentration 
in buffer (or milk for the real sample analysis) was increased within the regulatory relevant 
concentration regime (15–90 μM). The signal was allowed to stabilize for 20 min between each addition. 
The specificity was assessed by comparing the MIP response to that of the NIP reference, while the 
selectivity was examined using cyanuric acid, bisphenol A, and lactose as the analogue molecules. 

Thermal Detection of Melamine in Milk Samples 

The absence of melamine in the analysed milk samples was confirmed using a commercial melamine 
rapid test kit (Ballya Bio-Med Co., Ltd., Guangzhou, China). Afterwards, the untreated milk samples 
were spiked with increasing melamine concentrations, and the obtained solutions were employed for 
thermal analysis using the HTM setup. 
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Results and Discussion 
Batch Rebinding via UV–Vis 

Four MIP compositions were synthesized and their capacity to specifically bind melamine in aqueous 
samples was assessed (Table 4.1). All of the compositions were prepared with methacrylic acid (MAA) 
as a functional monomer in order to create hydrogen bonds with the melamine molecule. Ethylene 
glycol dimethacrylate (EGDMA) and 2,2′-azobis(2-methylpropionitrile) (AIBN) were used as the cross-
linker molecule and thermal initiator, respectively.  

Table 4.1 Synthesized MIP/NIP compositions. 

MIP/N
IP 

Melam
ine 

(mg) 

MAA 
(eq.) 

EGDM
A (eq.) 

AIBN 
(mg) 

DMSO 
(mL) 

R2 Max 
Sb (μm
ol g−1) 

IF (at 
Cf = 0.1 

mM) 
MIP1 31.5 14 28 40 5 0.988 30.00 2.22 

NIP1 - 14 28 40 5 0.898 19.66 - 

MIP2 31.5 3 20 40 5 0.980 19.12 0.96 

MIP2 - 3 20 40 5 0.953 22.44 - 

MIP3 31.5 6 20 40 5 0.985 27.11 0.82 

MIP3 - 6 20 40 5 0.987 25.55 - 

MIP4 31.5 12 40 40 5 0.946 22.53 0.56 

MIP4 - 12 40 40 5 0.983 25.94 - 

 

After synthesis, the MIPs were washed and the template was extracted by means of Soxhlet extraction, 
with template removal being confirmed by FT-IR analysis (Figure 4.3). 
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Figure 4.3 FT-IR analysis of the NIP, extracted MIP and non-extracted MIP. 

For each composition, a dose–response curve was constructed by calculating the free concentration of 
melamine found in the solution (Cf) (mM) after the rebinding experiment, and to obtain the 
corresponding substrate bound (Sb) (μmol g−1) values, which indicate the amount of target bound (in 
micromoles) per grams of MIP at each data point. Finally, the obtained Cf and Sb values were plotted 
and dose–response curves for all of the synthesized MIP/NIP compositions were obtained. The data 
were fitted (allometrically; y = axb) with Origin 2021b (OriginLabs Corporation, Northampton, MA, USA). 
In Figure 4.4, each of the synthesized MIP compositions (black squares) are plotted together with the 
corresponding NIP (red squares). 
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Figure 4.4 Rebinding analysis with UV–VIS spectroscopy of (a) MIP/NIP1, (b) MIP/NIP2, (c) 
MIP/NIP3, and (d) MIP/NIP4. 

Of the examined formulations, MIP-2 displayed the lowest overall maximum binding capacity with a 
maximum Sb of 19.12 μmol g−1, and in contrast, MIP-1 had the highest maximum binding capacity (max 
Sb = 30.00 μmol g−1), thus demonstrating that higher concentrations of functional monomer (MAA) and 
cross-linker (EGDMA) are needed to generate a higher number of nanocavities in the polymer. When 
comparing MIP-2 and MIP-3, it should be noted that with a higher concentration of monomer (MIP-3), 
a higher binding capacity was obtained. However, it was surprising that MIP-4 exhibited a slightly lower 
binding capacity than MIP-3 (22.53 and 27.11 μmol g−1). MIP-4 was prepared with the same 
monomer:cross-linker ratio as MIP-3, but with doubled equivalents with respect to the template, thus 
showing that doubling the concentration of monomer and cross-linker but maintaining a constant 
monomer:cross-linker ratio led to a similar maximum binding capacity. In order to comprehensively 
scrutinize the specific binding per MIP/NIP and to compare the performance of MIPs made with 
different recipes, the imprinting factor (IF) was calculated for each composition. The IF value is defined 
as the Sb value at a defined Cf for MIP divided by the Sb value of the corresponding NIP at the same Cf, 
and is a measure of the specificity of the developed MIP system. To obtain a more accurate comparison 
between the different formulations, Cf values at 0.1 mM were selected to calculate the IF values for 
each MIP/NIP (Table 4.1). When analysing the IF of the four compositions, it was clear that MIP-1 
demonstrated the best specificity with an IF of 2.22. When analysing the other MIP compositions (MIP-
2, MIP-3, and MIP-4), these showed a slightly lower maximum binding capacity, as per the one 
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calculated for MIP-1, which could mainly be attributed to a higher degree of non-specific binding, 
demonstrated by the high Sb values of the corresponding NIPs. This resulted in IF values ranging from 
0.56–0.96, thus showing that most of the improvement in the binding capacity could be attributed to 
an increase in non-specific binding sites, which was also confirmed by the fact that the corresponding 
NIPs had an even higher Sb value than the corresponding MIPs. Therefore, when considering both the 
maximum binding capacity and the IF values for each of the formulations, it was clear that the MIP that 
should be used for the remainder of the experiments was MIP-1 

Rebinding Analysis Using HTM 

After preparation of the receptor layer via micro-contact deposition, the thermal response of the 
functionalized aluminium surfaces to melamine was examined using the HTM method. The receptor 
layer was therefore exposed to different concentrations of melamine (0–90 μM) in 1.6 mM CaCl2 
solutions over a defined time period (Figure 4.5). To enable direct comparison between MIPs and NIPs, 
the analysis was run in parallel. A distinct decrease in temperature within the flow cell was observed 
when a higher concentration of melamine was introduced across the MIP-based receptor layer (black 
line). This trend was traced back to the interactions between the MIP particles and the analyte. More 
specifically, MIP contained recognition sites that were complementary to the melamine molecule in the 
shape, size, and distribution of the functional groups, thus allowing the analyte to perfectly fit in the 
nanocavities present in the polymeric network. When the binding event occurred, the MIP cavities at 
the surface of the receptor layer were gradually filled, changing the thermodynamic properties of the 
interfacial layer, which translated into an increase in the interfacial thermal resistance, registered as a 
diminished heat flow through the sample into the solution inside the flow cell (Figure 4.5a, black line). 
In comparison, the same effect could be observed when analysing the thermal response of the NIP 
(Figure 4.5a, red line), but the decrease in temperature in the flow cell in response to higher 
concentrations of melamine was much lower. This trend was mainly attributed to non-specific 
interactions between melamine and functional groups on the NIP surface. The temperature profiles 
over time were used to construct dose–response curves for both MIP and NIP by plotting the different 
concentrations of melamine injected against the effect size as a function of the temperature change. 
The effect size was calculated using the same equation (Equation 4.1) reported in previous work 
(Chapter 3). 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑠𝑠𝑠𝑠𝑠𝑠e �%� = ��
������

× 100                                                                    (4.1) 



112

   

 
 

 
Figure 4.5 (a) Temperature profiles and (b) dose–response curves (from HTM analysis) of the 
MIP/NIP-based receptor layer after injections with increasing concentrations of melamine 
(0–90 μM) in CaCl2. The LoD (3σ method) of ±1.45 μM is indicated by the black dashed line. 
Triplicate measurements were used to calculate the error bars and mean values. 

In short, the value was obtained by dividing the temperature decrease after each injection by the 
average baseline temperature obtained after stabilization in CaCl2. An allometric (y = axb) fit was used 
for both the MIP (black curve, R2

 = 0.9891) and NIP (red curve, R2 = 0.8638) using Origin, version 2021b 
(OriginLab Corporation, Northampton, MA, USA). From the dose–response graph, the LoD of the MIP 
(black dashed line) was calculated using the 3σ method, corresponding to the concentration at which 
the effect size became greater than three times the maximum noise on the temperature signal (y-axis) 
of the measurement. The LoD was obtained by calculating the 3σ y-value and drawing a horizontal line 
on the curve at this y-value. The intercept of the 3σ line with the linear part of the MIP curve showed a 
LoD for the sensor equal to 1.45 μM. The capability of the sensor to bind melamine in a specific manner 
was demonstrated by analysing the intercept for the LoD for the MIP with the corresponding intercept 
for the NIP curve, the latter resulting in a significantly higher LoD value. Moreover, the sensor 
demonstrated a strong linear trend with little saturation effect when exposed to concentrations ranging 
from 0 to 90 μM. The reference NIP, instead, showed saturation at low concentrations and had a clearly 
lower effect size when compared with the MIP. 

Selectivity Analysis of the Receptor Layer 

To determine the selectivity, the functionalized receptor layer was exposed to different analogue 
molecules, commonly found in contaminated milk and other foodstuffs (e.g. cyanuric acid, bisphenol A, 
and lactose) and the sensor’s response was recorded via HTM thermal analysis (Figure 4.6). The same 
concentration ranges (0–90 μM) were employed and the temperature profiles were converted into an 
effect size (%) using Equation 4.1. As observed, the affinity of MIP towards melamine was much greater 
than for the structural analogues (Figure 4.6a), already demonstrating a clear difference from the first 
analyte injection (15 μM). The effect size increased with increasing the analyte concentrations, 
demonstrating a much higher specificity of the sensor toward melamine at higher concentrations. 
Figure 4.6b shows the difference in effect size between melamine and the other tested compounds at 
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90 μM, demonstrating that the thermal readout was also able to selectively recognize melamine over 
structural analogues at higher concentrations. 

 

Figure 4.6 (a) Dose–response curves obtained via HTM analysis of different molecules 
(melamine, cyanuric acid, lactose, and bisphenol A) and (b) comparison of the calculated 
effect sizes at 90 μM. Triplicate measurements were used to calculate the error bars and 
mean values. 

In order to provide a more comprehensive investigation of the selectivity of the sensor platform, the 
selectivity factor was calculated (Table 4.2) for all of the analogues under study. In short, the values 
were calculated by dividing the effect size values obtained after exposure of the sensor to the target 
molecule, using the values recorded after infusion with the same concentrations of the tested 
analogues. The selectivity factor was calculated at a concentration of 2.5 mg/kg. This concentration 
represents the legal limit of melamine in milk samples, and thus provides a key indication of the 
selectivity of the sensor in a real-word sample analysis. It can be seen that MIP revealed an effect size 
3.62 times greater than the one recorded for its most similar structural analogue—cyanuric acid. The 
selectivity factor is even bigger for the other analogue molecules, which demonstrates that the 
structural difference between the analogue and target plays a key role during the recognition/binding 
event and that the presence of these molecules in food samples (e.g. milk) would not affect the 
reliability of the HTM-based sensor. 

Table 4.2 Selectivity factors of the developed thermal platform. 

Substance Selectivity Factor 
Cyanuric acid 3.62 
Bisphenol A 12.14 

Lactose 5.76 
 

Real-Life Sample Analysis: Detection of Melamine in Milk Samples 

To establish the applicability of the sensor as a tool for identifying illegal melamine food adulteration, 
the thermal variations of the receptor layer were recorded and analysed while being exposed to 
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increasing concentrations of melamine in untreated, semi-skimmed milk samples (Figure 4.7). The same 
experimental setup and parameters as per the rebinding analysis in CaCl2 were used for the 
investigation of melamine levels in milk. The absence of melamine in the non-spiked milk samples was 
confirmed with a commercially available colloidal gold immunochromatography assay for rapid 
melamine detection. To accurately compare the thermal measurement recorded in CaCl2 solution with 
the one obtained in milk samples, the milk samples were spiked to reach the same melamine 
concentration range (15–90 μM) as for the CaCl2 solution. Both the temperature profiles and the 
extrapolated dose–response curves for MIP and NIP showed a similar trend to the one obtained in the 
buffer solutions (Figure 4.5 and Figure 4.7). The LoD was 6.02 μM. The data obtained in milk samples 
display a comparable trend with the experiments performed in CaCl2 both in terms of rebinding 
efficiency and sensitivity, demonstrating that the sensor platform retained a high specificity in more 
complex real-life samples, such as untreated semi-skimmed milk. When comparing the LoDs in the 
different matrices, it was unsurprising that the sensor was less sensitive when employed directly in milk 
samples as a result of the complexity of the matrix employed. 

 

Figure 4.7 (a) Temperature profile and (b) dose–response curve obtained by an HTM analysis 
of the MIP/NIP-based receptor layer after infusions of different concentrations of melamine 
in spiked semi-skimmed milk samples. The black dashed line shows the LoD (3σ method) at 
±6.02 μM. The blue dashed line indicates the legal limit of melamine in milk set by EU/US 
regulators. Triplicate measurements were used to calculate the error bars and mean values. 

As can be seen in Table 4.3, our sensor demonstrated a higher LoD when compared with other 
potentially interesting new sensor platforms reported in the literature in recent years. However, the 
LoD in milk samples was still three times lower than the established legal limit of melamine in milk (blue 
dashed line) and therefore demonstrated the sensor’s potential as a novel low-cost tool to routinely 
screen milk samples without any pre-treatment needed. 
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Table 4.3. Comparison of recently developed sensors for melamine detection in food 
samples. 

Readout 
Technology 

Limit of 
Detection 

Real Sample 
Analysis 

Sample Pre-
treatment 

Ref. 
 

Differential pulse 
voltammetry 

(DPV) 

8.21 × 10−12 M Liquid milk Pre-treatment 
needed 

[41] 

Colorimetric 
assay (UV–VIS) 

0.099 μM Raw milk Pre-treatment 
needed 

[42] 

Surface-enhanced 
Raman 

spectroscopy 
(SERS) 

0.012 mmol L−1 Whole milk Pre-treatment 
needed 

[43] 

Quartz crystal 
microbalance 

(QCM) 

2.3 ng mL−1 Liquid milk Pre-treatment 
needed 

[44] 

Surface-enhanced 
Raman 

spectroscopy 
(SERS) 

0.1 ppm Milk powder Pre-treatment 
needed 

[14] 

Liquid 
Chromatography–

Tandem Mass 
Spectrometry 
(LC–MS/MS) 

0.02–0.05 mg/kg Egg powder, soy 
protein 

Pre-treatment 
needed 

[11] 

Heat-Transfer 
Method (HTM) 

6.02 μM (759.24 
ng mL−1)  

Whole milk No pre-
treatment 

needed 

This work 
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Conclusions 
This study demonstrates the preparation of molecularly imprinted polymers for the detection of 
melamine in both artificial and real-life milk samples using thermal analysis. Out of all formulations, 
MIP-1 evidently performed the best in terms of both specificity and rebinding capacity (IF = 2.22 and Sb 
= 30 μmol g−1). Using the HTM method, the sensitivity of the MIP-based sensing platform in CaCl2 
solutions was evaluated, showing a linear range of 1.45–90 μM and a LoD of 1.45 μM in the thermal 
data. Furthermore, the sensor proved to be highly selective towards melamine in comparison with 
structural analogues, milk components, and other contaminants found in beverages, demonstrating the 
efficiency of this platform in analysing untreated, real-life samples. In fact, the obtained results in milk 
showed a linear range of 6.02–90 μM and a LoD of 6.02 μM, demonstrating the potential of the sensor 
in food analysis. The combination of an easily scalable production process with a cost-effective readout 
technology make these results very appealing for commercial applications, and will stimulate further 
development towards its integration into handheld devices. 
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Preface to Chapter 5 
 
As previously discussed, a biosensor consist of a sensing platform in contact with a transducer able to 
transform the obtained signal. One of the key steps involved in the fabrication of biosensors is the 
immobilization/deposition of the sensing element onto a suitable substrate. In the previous chapters, 
two MIP-based platforms were fabricated by depositing bulk MIP-particles onto a thermally conductive 
substrate (Al-PVC layer) using a micro-contact stamping approach. Though the developed biosensor 
platforms demonstrated good selectivity and sensitivity to the respective targets, the deposition 
process employed consists of multiple steps and necessitates the use of various chemicals and 
machinery, which is obviously undesirable as it may result in batch-to-batch variations and increased 
production costs. 

Therefore, the following chapter presents a literature review on various deposition techniques for the 
integration of MIPs in sensor applications. The chapter compares the benefits and disadvantages of 
various MIP deposition techniques, including mechanical, electrochemical, chemical, and vacuum 
deposition methods. The chapter emphasizes the significance of the deposition technique when 
evaluating the performance of MIP-based sensors and provides valuable insights into commercially 
viable methods for developing MIP-based sensing devices that may one day reach the commercial 
market. The goal of the literature study is to identify a deposition method that allows for systematic 
mass production of MIP-covered sensor chips that could bring the developed sensor platforms closer 
to a market-ready application in the future. 
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Abstract 
Offering high specificity and selectivity, molecularly imprinted polymers (MIPs) are synthetic polymeric 
affinity reagents that have become increasingly popular over the last couple of decades. Due to their 
long-term chemical and physical stability and low production cost, they have become an increasingly 
popular choice of receptor in the realm of sense. MIPs have therefore been associated with the 
detection of small molecules, proteins, cells, and pathogens, proving a highly robust and useful tool in 
the production of next-gen sensing platforms. This said, the development of these sensors pivots on 
one simple fact. These receptors have to be deposited onto a substrate for their desired application. 
The deposition of MIPs during sensor fabrication is therefore of great importance, with the field utilizing 
an array of mechanical and chemical deposition methods to achieve this. To this end, this review, sets 
aim at coalescing these different deposition approaches, classifying them, and outlining their utility 
when it comes to receptor design and integration. In this way it offers a knowledge base on current 
deposition methods and potential future approaches. 
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Introduction 
The concept of molecular imprinting was introduced as early as the 1930s, while first records of 
molecularly imprinted polymers (MIPs) date back to the 1980s with pioneering work by Mosbach, 
Sellergren, and Wulff, synthesizing MIPs based on noncovalent and covalent interactions, 
respectively.[1-4] MIPs are generally defined as highly cross-linked synthetic polymeric structures that 
are able to selectively bind target analytes, thus mimicking the natural antibody–antigen mechanism.[5] 
The presence of highly specific nanocavities within the polymeric matrix compliment the morphology 
and chemical functionality of the desired target species, facilitate this “lock and key” interaction 
associated with biological receptors. Critical constituent components (e.g. functional monomer, 
functional cross-linker, porogenic solvent, and initiator) are used to achieve this, forming a complex 
interwoven structure of ionic interactions, hydrogen bonding, and Van Der Waals interactions between 
the template species and these components prior to polymerization.[6] Once initiated under thermal 
or photochemical conditions these components form a rigid polymeric structure encapsulating the 
target species, capturing its likeness and generating said nanocavities. After polymerization, the target 
is extracted by mechanical means or by washing with appropriate solvents under Soxhlet conditions, 
yielding a vacant polymeric material ready for use (Figure 5.1).[5] Early research focused on the 
development of these receptors towards small molecules, though as the field has expanded so has the 
list of potential targets with proteins, bacteria, fungi, and viruses being key species of interest.[7-9] In 
turn, this catalysed the development and utilization of new polymerization methods that could facilitate 
the synthesis of MIPs toward more complex analytes.[10-12] 

 

Figure 5.1 A general schematic of the classical preparation of MIPs, demonstrating the “lock 
& key” mechanism that is associated. 

These synthetic approaches can be divided into three main categories, polymerization in solution, solid 
phase synthesis, and electropolymerization.[12-15] Methods such as bulk, precipitation, and 
suspension polymerization fall under solution-based synthesis.[16-18] The primary drawback of these 
methods lies in poor homogeneity in particle shapes and sizes, which is reflected in the less optimal 
reproducible performance of the receptors.[19] This said, these methods offer the advantage of 
straightforward synthesis and therefore remain a staple for the synthesis of MIPs for small 
molecules.[16,17,20] In an attempt to mitigate these negative aspects, a surface grafting approach 
utilizes solution based synthesis by facilitating receptor layer formation directly onto a substrate by 
means of covalent bonding.[21]  

Alternatively, solid phase synthesis utilizes the immobilization of the template species onto a solid 
support, while removable MIP particles are formed at the supprts. This eliminates the need for the 
harsh extraction methodologies.[12,22,23] After polymerization, low-affinity receptor particles are 
removed by washing the solid support with cold water, and the higher affinity MIPs with hot water. 
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Thus yielding MIPs with a higher degree of homogeneity in terms of template affinity, but also in 
relation to shape and size.[12] As the template is bound to a solid support, a whole host of templates 
are possible (e.g. molecules, peptides, and proteins) with the main drawback of the approach being 
associated with the low yields of the collected high affinity MIPs. 

In contrast to these categories of polymerization, electropolymerization enables the polymerization of 
a conjugated monomer directly onto a substrate and yields a polymeric film instead of particle.[11] 
Though this draws parallels with a surface grafting, the deposited layer is non covalently bound to the 
surface and relies upon adsorption to the surface instead.[24] The substrate functions as the working 
electrode and the polymer film is deposited directly by anodic oxidation.[25] One of the major 
advantages is that this enables precise control over the formed polymer film thickness by carefully 
choosing the reaction conditions, increasing the reproducibility of the imprinting process.[26,27] 

Overall, the various approaches allow the production to be tailored towards a desired template species, 
with the resulting receptors having excellent physical properties (resistance to harsh temperatures and 
pH) that can be applied in a variety of scenarios (sample pre-treatment, chromatography, targeted drug 
delivery, purification, and sensing.[5,28-35] Of these applications, coupling MIPs with sensing 
technologies has become ever more popular over the last decade, with a large proportion of MIP based 
research being focused at the development of MIP based sensing platforms.[29,36] Integration of MIPs 
into sensing platforms is achieved by coupling the receptor with a transducer element that can translate 
a binding event at the surface of the MIP into a tangible signal. The technologies that are currently 
associated with MIPs can be divided into electrochemical, optical, mass-sensitive and thermal devices 
(Figure 5.2).[37-39] 

 

Figure 5.2 A depiction of the various readout technologies that are currently associated with 
molecularly imprinted polymers including: optical, electrochemical, thermal, and mass-
sensitive methodologies. 

Electrochemical sensing can employ a variety of electroanalytical techniques such as voltammetric, 
amperometric, or impedimetric measurements, which can be categorized by whether the response is 
generated by the analyte binding to the receptor or by the analyte itself.[36] Amperometry is an 
example of the former, wherein the setup consists of two electrodes being separated by a MIP-
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membrane. Upon analyte binding, the polymer undergoes conformational changes, affecting counter 
ion diffusion, resulting in a measurable change of the membrane electro conductivity.[40] An example 
of the latter are voltammetric measurements, where an electrochemically active analyte is either 
oxidized or reduced on a MIP-modified electrode.[41] The modification of the electrode with MIPs 
allows for selective adsorption of the analyte and prevents interfering species from reaching the 
electrode. Furthermore, selectivity can be further increased by employing a suitable potential range 
allowing for a more precise determination of the analyte due to its oxidation or reduction at a 
characteristic potential.[42] 

Optical sensing, on the other hand, relies on the measurement of changes in optical properties, like 
fluorescence or surface plasmon resonance (SPR) upon binding of the analyte and the following 
transduction into an electronic signal.[37] The most commonly employed optical property for sensing 
is fluorescence because of its high sensitivity resulting in low limits of detections (LODs).[43] Prominent 
examples are core–shell materials consisting of a fluorescent quantum or carbon dot core and a MIP-
shell as the recognition element, in which fluorescence quenching is observed upon analyte binding.[44, 
45] Even lower LODs can be achieved by using SPR as the measured optical property.[46] Similarly to 
fluorescence sensors, SPR sensors are often core–shell materials, with the core usually consisting of 
metallic nanoparticles like gold NP that are sensitive toward changes in refractive index upon 
rebinding.[47] 

Another extremely sensitive readout approach is the detection of surface mass loading in, e.g. quartz 
crystal microbalances (QCM). This technique makes use of the reverse piezoelectric effect of quartz 
crystals, wherein a mechanical wave is brought to resonance by administering an AC-electric field. Mass 
loading on the surface of the crystals will lead to a change in its resonance frequency which is monitored 
over time.[48] The advantage of using QCM technique is the ability to detect a large amount of different 
analytes with little consideration of other physical properties, which is shown by piezoelectric sensors 
designed toward molecules, proteins and bacteria.[49-51] In spite of this, the mass sensitivity is limited 
when low molecular weight targets want to be detected. 

Calorimetric methods utilizing MIPs also exist. For example,  the straightforward, versatile thermal 
based detection method, known as the “heat-transfer-method” (HTM), has proved its efficiency in the 
sensing of small molecules, proteins and bacteria.[7,20,39] Herein, MIP particles or imprinted polymeric 
layers are deposited onto a solid substrate, which is in contact with a liquid phase. The solid phase is 
heated to a constant temperature by a heat source and simultaneously, the temperature of the liquid 
phase is monitored. The heat flow travels through the MIP coated recognition layer and upon analyte 
rebinding a change of thermal resistance can be observed by a change in the liquid's phase 
temperature.[39] 

Though all these technologies incorporate and utilize MIPs in completely different ways, they all require 
these synthetic receptors to be deposited onto a transducer to function. This is a crucial step in the 
sensor fabrication, and is often overlooked or neglected. To date, there is not one defined method of 
coupling a MIP with a specific transducer, with researchers currently using a range of different 
techniques to do so. This review therefore wishes to chronicle and differentiate the formats in which 
MIPs can be deposited. Thus, highlighting each approach and potential modifications that can be 
conducted to integrate synthetic receptors for specific readout technologies. 
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Mechanical MIP deposition 
The integration of MIPs into sensing platforms can be achieved through several approaches. The actual 
choice of a specific approach over another must be carefully considered as it affects the readout 
technology used and thus the potential applications of the sensor.[52,53] Several mechanical 
deposition methods have been used in recent years to produce MIP-based sensor platforms capable of 
targeting a wide variety of targets, from small molecules and proteins to viruses and bacteria.[54] In 
these methods, the sensor production process requires little or no chemical functionalization, making 
these methods very attractive in terms of marketability, which is considered a major challenge for MIP-
based sensors.[55] In this chapter, we will focus on approaches achieved via physical deposition 
methods, such as micro-contact stamping, drop casting of MIP particles or of the pre-polymerization 
mixture, and the incorporation of MIPs into electrodes. 

Micro-contact Stamping 

Most commonly, micro-contact stamping finds its home in the world of soft lithography where it is used 
to shape polymeric surfaces by introducing a mould.[56] The value of this process has therefore been 
realized by the MIP field, with its primary application in the imprinting of macromolecular targets.[57-
60] In this approach, two solid substrates are prepared and then placed on top of each other in a 
“sandwich” conformation; one of the substrates presents the template immobilized on a stamp and the 
other one represents the solid support, usually functionalized with a viscous oligomer layer. While the 
two substrates are in contact, the crosslinking process is completed and the stamp with the immobilized 
template is removed leaving cavities in the formed polymeric layer that resemble the target in shape 
and functionality[61] (Figure 5.3). 
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Figure 5.3 Schematic representation of micro-contact stamping deposition for virus 
imprinting. Reproduced with permission.[61] Copyright 2015, Royal Society of Chemistry (CC-
BY). 

The micro-contact stamping  method allows the preparation of imprinted polymer layers that have 
proven their efficiency for the detection of several macromolecular targets, such as bacteria,[7,62-71] 
viruses,[61,72,73] fungi,[74] and proteins.[75] Another benefit of this approach is the variety of 
readouts that could be employed using surfaces prepared with this technique, in fact these imprinted 
layers have been used with electrochemical,[7,69,73] thermal,[7,65,68,71] Raman,[66,67] and 
QCM[70,72,75] readout technologies. It should also be noted that by slightly varying the chemical 
composition of the substrate and stamp employed for the imprinting (Table 5.1), the sensitivity and 
selectivity of the sensor could be strongly affected,[7,76] thus leaving a great margin for improvement 
of such imprinted layers. 
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Table 5.1 Summary of research articles that utilize micro-contact stamping for deposition or 
imprinting. 

Target Readout 
Technology 

Approach 
modification 

Imprinting 
technique / 

MIP deposition 

Ref. 

Mycob. 
smegmatis; 
Cyanobact. 

AFM PDMS substrate, 
glass stamp 

Imprinting [62,63] 

Escherichia Coli AFM and PF-
QNM 

Poly(styrene-co-
DVB) substrate, 

glass 
functionalized 

with TMVS stamp 

Imprinting [64] 

E. Coli; C. 
Coli and C. 

jejuni; 
Saccharomyc. 

HTM, EIS, QCM Polyurethane 
substrate, PDMS 

stamp 

Imprinting [65,68-71,74] 

E. coli and B. 
cereus 

Confocal Raman 
microscopy and 

PLS-DA 

Heavy Duty Ink 
substrate, glass 
functionalized 

with APTES and 
DSS stamp 

Imprinting [66] 

Escherichia coli Confocal Raman 
microscopy and 

PLS-DA 

Poly(styrene-co-
DVB) substrate, 

glass 
functionalized 

with APTES and 
DSS stamp 

Imprinting [67] 

Escherichia coli HTM Polyurethane-
urea substrate, 

PDMS stamp 

Imprinting [7] 

Influenza A 
(HK68) virus and 

Newcastle 
disease virus 

(NDV) 

Fluorescence 
microscopy 

PDMS substrate, 
PDMS stamp 

Imprinting [61] 

Influenza A virus QCM Poly(AMM-co-
MAA-co-MMA-

co-VP) substrate, 
glass stamp 

Imprinting [72] 

Tobacco mosaic 
virus (TMV) 

EIS Poly(VP-co-MAA) 
substrate, glass 

stamp 

Imprinting [73] 

Lysozyme QCM Poly(MMA-co-
TRIM) substrate, 
CaCO3 nanoparti
cles layer stamp 

Imprinting [75] 

Glucose; 
Histamine; L-
nicotine and 
serotonin; 
melamine 

HTM Al-PVC substrate, 
PDMS stamp 

Deposition [20,77-79] 
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Histamine EIS Al-MDMO-PPV 
substrate, PDMS 

stamp 

Deposition [80] 

Histamine EIS Al-PVC substrate, 
PDMS stamp 

Deposition [81] 

Serotonin EIS Al-PPV substrate, 
PDMS stamp 

Deposition [82] 

Histamine EIS IDEE-
polyurethane 

film substrate, no 
stamp 

Deposition [83] 

 

A variant to this approach has also been used for the deposition of MIP micro particles on a solid 
support. In this method, polymer particles are immobilized on a stamp and then this is applied to an 
adhesive layer, resulting in the formation of a MIP layer. The stamp used to immobilize the particles is 
usually PDMS, and as for the adhesive layer different polymers, such as PVC or conjugated polymers 
(e.g. PPV), have been used successfully. The formed receptor layer is then used as sensing element for 
different types of transducers, such as HTM (Chapters 3 and 4) [20,77-79] or EIS[80-83] allowing the 
detection of several markers. The major drawback of micro-contact stamping lies in the irreproducible 
nature of the formed layers, primarily stemming from how the analyte species is stamped into the 
polymeric layer. To date there has been no in-depth study that verifies how the template/MIP is 
distributed onto the polymer layer during the stamping/curing, making the exact replication of 
functionalized substrates near an impossibility. This critical factor must be addressed if the technology 
is to be mass-produced, otherwise each stamp will afford a different surface coverage and 
particle/imprint distributions therefore lending itself to heterogeneous and irreproducible receptors. 

Some progress has been made towards providing a solution to this conundrum, with concepts such as 
producing a “master stamp” showing great promise. This concept is exemplified in the literature  for 
the imprinting of yeast.[84] To this end, PDMS is poured over a yeast imprinted surface that was 
synthesized prior and left to cure for two days, thus enabling a stamp to be generated that captures the 
likeness of the imprint sites but in silicone instead. After the curing process, the PDMS stamp is 
removed, and can be subsequently used for the production of further functionalized surfaces. The main 
idea is that the “master stamp” can be used to produce imprinted layers with the exact same 
distribution of receptors sites and surface coverage as the original layer, and therefore increases the 
reproducibility and standardization of the layers formed. A research group has taken this concept one 
step further by combining this process with continuous roll-to-roll imprinting enabling the mass 
manufacture of imprints for blood cancer cells.[85] Though promising, these modified versions of 
micro-contact imprinting still have their limitations. As the “master stamp” is used more, the resolution 
and definition of the stamp reduces meaning that the quality of the imprints also declines. This is not 
an issue in the short term but for mass production this becomes problematic, as more master stamps 
have to be produced and the process begins to draw parallels with the original micro-contact imprint 
methodology. 

Drop Casting 

A simple and rapid technique for immobilizing micro- and nanoparticles on different substrates is the 
so-called “drop casting”. This deposition method, as the name suggest, relies on the formation of a 
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layer on a solid flat surface by adding a drop of suspended particles and leaving it to “stand & dry” in 
order to evaporate the remaining solvent. In the case of MIP particles, this technique is mostly used to 
immobilize the particles onto different types of electrodes. Different works have reported the drop 
casting of suspended MIP particles on sensing platforms without addition of supplementary 
components.[86-90] However, lack of control over particle distribution and limited adhesion at the 
surface leads to significant limitations in terms of reproducibility. In order to enhance this process, the 
technique can be modified by mixing the suspended imprinted particles with other components used 
as binders, (e.g. PVC or chitosan) therefore overcoming the adhesion issues.[91-96] Alternatively, an 
adhesive thin film can be applied prior to the drop casting procedure encapsulating the particles (e.g. 
polypyrrole [97] and agarose [98,99]), though the encapsulation may decrease the sensitivity of the 
receptor. 
Recently, a novel optical-chemical sensor has been developed demonstrating the flexibility of drop-
casting.[100] 

 

Figure 5.4 Construction of the MIP-based platform. Configuration with a) one or b) three 
micro-holes, with permission.[100] Copyright 2022, Elsevier. 

In this work, a 1 mm plastic optical fibre was used as a solid substrate; two different configurations with 
one or three microholes were obtained by drilling into the exposed core of the fibre. Afterward, the 
MIP prepolymerization mixture was drop cast in the holes and a thermal polymerization was carried 
out to obtain MIP micro particles (Figure 5.4). The obtained platform showed remarkable selectivity 
and sensitivity by SPR analysis.[100] As the method facilitates the incorporation of presynthesized 
receptor particles, drop-casting can be applied across a large range of potential targets and readout 
technologies (Table 5.2). 

 

 



133

5

 
 

 
 

Table 5.2 A summary of research articles where drop casting is utilized as the deposition 
method of choice. 

Target Readout 
Technology 

Substrate Binder Ref. 
 

Creatinine; 
Troponin I 

HTM Screen printed 
electrode 

None [88,89] 

Bisphenol A SERS Spherical 
polystyrene 

close-packed 
array 

PS beads [90] 

Sertraline DPV Screen printed 
electrode 

PVC [96] 

Caffeine EIS and 
Chronopotentio

m. 

Screen printed 
electrode 

PVC and o-NPOE [95] 

Diquat; 
Nalbuphine 

Potentiom. Screen printed 
electrode 

PVC and DOP [92,94] 

Albumin QCM Screen printed 
electrode 

None [87] 

Amoxicillin HTM Screen printed 
electrode 

Polypyrrole [97] 

Parathion LSV Glassy carbon 
electrode 

Chitosan [93] 

2,4-
dichlorophenoxi 

acetic acid 

DPV Screen printed 
electrode 

Agarose [98] 

Alfuzosin and 
solifenacin 

Potentiom. Carbon paste 
electrode 

PVC and NPOE [91] 

Amoxicillin DPV Glassy carbon 
electrode 

None [86] 

Cocaine Potentiom. Ion selective 
electrode 

PVC and NPOE [101] 

2,4,6-
trinitrotoluene 
(TNT) and 2,4-
dinitrophenol 

(DNP) 

DPV Graphite epoxy 
composite (GEC) 

electrode 

Sol-gel 
immobilization 

[102] 

Bovine serum 
albumin 

EIS Glassy carbon 
electrode 

Agarose [99] 

Furfural SPR Plastic optical 
fibre 

None [100] 

 
Dip Coating 

The dip coating technique is a simple and low-cost method to obtain thin-film coatings on a substrate. 
The process can be divided into three main stages: dipping, withdrawal, and evaporation (Figure 5.5). 
Since MIP particles synthesized by bulk polymerization are usually in the micro meter size range and 
thus tend to precipitate when suspended, their deposition via the classical technique is difficult to 
achieve. Therefore, to achieve the deposition of MIP micro particles via dip coating the particles need 
to be mixed with another adhesive component; in previous work, this was achieved by combining the 
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micro particles with an agarose solution, followed by crosslinking treatment.[103] In recent years, the 
technique has been employed to functionalize thermocouples with nanoMIPs as synthetic receptors. 
The functionalized substrates were used as thermal sensors for the detection of various targets, such 
as small molecules [104] and proteins.[88,105] 

 

 

 

Figure 5.5  A) Different stages of the dip coating process compared with B) drop-casting 
deposition technique Reproduced with permission.[88] Copyright 2021, American Chemical 
Society (CC-BY). 

Direct Electrode Incorporation/Screen Printing 

As electrochemical readout technologies become ever more popular, so has the appeal of integrating 
MIPs directly into electrodes that compliment these platforms. Multiple approaches have been 
attempted ranging from electropolymerization to in-situ polymerization, though more simplistic 
mechanical approaches have shown great promise.[36] One of these approaches utilizes bulk 
polymerized MIP particles and incorporates them directly onto an electrode's surface by use of carbon 
paste. [106] The MIP particles are directly mixed with the paste, enabling the distribution of the 
receptors across the entire electrode. Applications of this approach facilitate the detection of a wide 
range of potential analytes including, but not limited to, small organic molecules [107-122] and 
ions.[123-125] Additional materials can be added to the paste, boosting the conductivity of the 
composite and enhancing the sensitivity of the system, with common additives including carbon 
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nanotubes [108,110,111,124,125] or platinum nanoparticles.[113] In recent years, this concept has 
been taken even further with advancements in the field of screen printing. Rather than applying the 
MIP loaded graphene paste to a pre-existing electrode, instead the MIP particles are combined with 
graphene ink and screen printed directly as electrodes.[121,122] Thus, material waste is greatly 
reduced, electrode homogeneity is increased, and the substrate that the electrode is printed onto can 
be engineered towards more environmental friendly materials.[126] Furthermore, this has opened up 
the possibility of developing facile flexible electrochemical sensors that can be tailored toward a specific 
application in terms of substrate material, receptor, and print design. 

The drawbacks of this freedom are diminished binding capacities and reduced linear ranges when 
exposed to a desired target analyte. As the MIP particles are combined with either a paste or ink, the 
surface of the receptor becomes saturated with graphene preventing a target analyte interacting with 
the specific binding sites. As a result the essential blocking of the receptor reduces the aforementioned 
linear range and selectivity of the sensor, though the sensitivity remains somewhat constant as 
graphene is excellent at absorbing species. 
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Electrochemical MIP deposition 
Electrochemical deposition methods are categorized by their use of electric currents as either a way of 
applying force to repel/attract ions or to deposit ionic material onto an electrode. Thus, 
electropolymerization and electrospinning are the two main methods for the deposition of MIPs that 
embody this principle. As such, mass is added across a substrate in the form of fibres that contain MIPs 
or by thin film formation respectively.[127] 

Electropolymerization 

Electropolymerization is a deposition method in which a conductive polymeric coating/film is formed 
across a conductive substrate/electrode when an electroactive monomer is subjected to potentials that 
cause its oxidation and reduction.[25] More commonly, this approach is associated with the direct 
formation of imprinted layers at a substrate's surface, allowing imprinting during the deposition process 
by simply introducing a template species to the polymerization mixture.[128] This straightforward 
alteration has spawned an entire sector in the field of MIPs, proving popular for the imprinting of small 
molecules and larger (bacteria and proteins) species.[129, 130] This process is easily achieved using 
voltammetric,[131] galvanostatic,[132] and potentiostatic conditions,[133] though voltammetric 
electropolymerization has proven to be the far more popular approach. In essence, a monomer is 
oxidized and reduced by sweeping across a set range of potentials, via cyclic voltammetry, stimulating 
polymerization. The thickness of the resulting polymeric layer is tuned by altering the sweep/scan rate, 
thus affecting the rate at which the polymer forms on a substrate. A three-electrode setup is the 
standard for this deposition approach, consisting of a working electrode (where the coating is 
deposited), a counter electrode and a reference electrode (Figure 5.6).[134] 
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Figure 5.6 A) An electropolymerization setup, showing the critical components necessary, 
followed by B) a typical cyclic voltammograms (CV) that is collected during the 
electropolymerization process. Reproduced with permission.[135] Copyright 2022, Royal 
Society of Chemistry (CC-BY). 

The range of the potential sweep is monomer-dependent, with the redox potential differing depending 
on the compound selected.[136] The most common compounds to undergo electropolymerization are 
pyrrole,[137] aniline,[138] and dopamine,[139] with these compounds being amongst the easiest to 
polymerize. For example, it has been reported that polypyrrole layers imprinted with clofibric acid can 
be successfully prepared by means of cyclic voltammetry.[140] The layers are deposited onto gold 
coated wafers (working electrode) by cycling the applied potential between -0.2 and 0.8 V across an 
aqueous solution containing clofibric acid, KNO3 and PBS. After the synthesis, the layers were washed 
with 70% ethanol and a solution of potassium chloride/hydrochloric acid to remove unreacted 
monomer and the template compound. The resulting layer's physical characteristics were then studied, 
determining the response towards clofibric acid, the selectivity, the hydrophobicity by contact angle, 
and the layer thickness. AFM imaging revealed that the deposited material had a circular structure <1 
μm (diameter) on the surface, with a surface roughness of between 6 and 8 nm. Overall, this piece of 
research highlights the facile nature of the approach, with its applications being far spread and applied 
to many different molecules across the field (Table 5.3). 
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Table 5.3 Examples of research articles utilizing electrodeposition and their associated 
approach modifications. 

Template Readout 
technology 

Approach 
modification 

Ref. 
 

SARS-CoV-2 Electrochemical 
impedance 

Monomer: N-
hydroxmethylacrylami

de 
Cross-linker: N,N’-

methylenebisacrylami
de 

Electrolyte: PBS 
Solvent: H2O 

Applied potential: 
−1.4 V to −0.2 V 

Cycles: 25 
Scan rate: 50–100 mV 

s−1 

[141] 

Ascorbic acid DPV Monomer: Pyrrole 
Electrolyte: LiClO4 

Solvent: H2O 
Applied potential: 

−0.5 V to 0.8 V 
Cycles: 10 

Scan rate: 50 mV s−1 

[142] 

NS1 QCM Monomer: 
terthiophene 

Electrolyte: PBS 
Solvent: ACN 

Applied potential: 0 V 
to 1.1 V 

Cycles: 10 
Scan rate: 50 mV s−1 

 

[143] 

Tryptamine CV Monomer: Pyrrole 
Electrolyte: HCl 

Solvent: H2O 
Applied potential: 

−0.6 V to 1.0 V 
Cycles: 10 

Scan rate: 100 mV s−1 

[144] 

Furosemide CV Monomer: o-
phenylenediamine 
Electrolyte: acetate 

buffer 
Applied potential: 0 V 

to 1.0 V 

[145] 
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The main drawback of electropolymerization lies in the fact that electroactive monomers have to be 
utilized for layer formation/deposition. This means that there are a limited number of viable options 
that have been used to demonstrate MIPs can be deposited in this fashion. The limited library proves 
problematic when selecting a monomer that has optimum interactions with the template species, 
meaning it is hard to specifically tailor an electropolymerized layer towards a desired analyte. This said, 
custom monomers are slowly emerging that have greater structural diversity and offer more in terms 
of tailored specific interaction and stem from the field of traditional conjugated polymers.[154] Another 
downside is the substrate that the material is being electropolymerized onto has to be conductive, and 
even this is a challenge as metal such as copper and aluminium can be easily oxidized during the 
electrodeposition meaning that commonly gold, platinum, and carbon are the materials of choice. 

Electrospinning 

Electrospinning is a method of producing fibres (micro–nanoscale) by means of applying an electric 
force to a charged polymer thread that is generated in a melt or solution and drawing them out into 
the desired dimensions.[155] Due to its inconventional electrical approach, this deposition technique is 
therefore discussed in a subsection of the electrochemical MIP deposition. In essence, a polymer 
solution is pumped through a charged needle. As the solution passes through, the liquid's surface 
becomes charged and the electrostatic repulsion begins to overcome the surface tension of the 
solution. As the solution leaves the needle, it is ejected towards a collection plate/drum that rotates 
and draws the solution near. As the solution flies toward the collector, the solvent evaporates and the 
remaining polymer is drawn out forming fibres (Figure 5.7).[156] 

Cycles: 20 
Scan rate: 100 mV s−1 

Dopamine Electrochemical 
impedance 

Monomer: Pyrrole 
Electrolyte: LiClO4 

Applied potential: 
−0.8 V to 1.0 V 

Cycles: 5 
Scan rate: 100 mV s−1 

[146] 

Further examples:   [147-153] 
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Figure 5.7 Electrospinning schematic of imprinted nylon 6 nanofibers for the extraction of 
bisphenol A from waste water. Reproduced with permission.[157] Copyright 2018, John 
Wiley and sons. 

Depending on the physical characteristics of the polymer solution, the electric field applied, drum 
rotation, and injection speed, it is possible to tailor the process towards a desired fibre size and 
morphology.[158] As the method is solution based, prior to spinning, MIPs can be dispersed into the 
liquid phase, yielding electro-spun fibres with MIPs distributed throughout the produced fibres. Mild 
spinning conditions also favour the use of this approach, as the MIP particles are not exposed to high 
temperatures or other damaging conditions.[159] This principle was also demonstrated by 
encapsulating benzyl paraben imprinted polymers in styrene, before studying the extraction capabilities 
of the prepared fibres by analysing spiked sea, tap, and bottled water samples.[160] The prepared MIP 
particles were implemented into the polymer fibres by mixing MIP particles into a polystyrene (10% 
w/v) solution in DMF, before electrospinning fibres using a 30 KV applied voltage across a 15 cm 
distance at 1.0 mL h−1, yielding nanofibers. 

This methodology has been widely adopted by the MIP community with many variations of this process 
possible, utilizing different applied voltages, plate distances, flow rates, and matrix polymer 
compositions. An overview of literature referring to these modifications can be found in Table 5.4, 
outlining what parameters have been changed to achieve the incorporation/deposition of the MIP 
particles inside the fibers generated. 

Table 5.4 A summary of articles where MIPs are implemented into electrospun fibres and the 
associated experimental modifications used to achieve this. 

Template Readout 
technology 

Approach 
modification 

Ref. 
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Theophylline /17β-
estradiol 

Microscopy and 
radioligand binding 

analysis 

PET (10% w/v) matrix 
polymer in DCM 

0.8–0.9 mm inner 
diameter needle 

20 kV applied voltage 
20 cm distance 
between plates 
Flow rate not 

specified 

[161] 

4-aminopyridine Indirect detection by 
studying cell growth 

5% (w/v) pLDLLA in 
DCM, before adding 

MIP particles 
17 kV applied voltage 

17.5 cm distance 
between plates 

0.6 mL h−1 spin rate 

[162] 

Ascorbic acid DPV PVP/CA matrix 
polymer in 

acetone/DCM 1:110 
kV applied voltage 

20 cm distance 
between plates 

1 mL h−1 flow rate 

[163] 

Propranolol HPLC-MS/MS PET (10% w/v) in DCM 
with MIP particles 
0.8–0.9 mm inner 
diameter needle 

20 kV applied voltage 
20 cm distance 
between plates 
Flow rate not 

specified 

[164] 

Rhodamine B HPLC PET matrix polymer in 
DCM 

0.8 mm inner 
diameter needle 

18 kV applied voltage 
15 cm distance 
between plates 
Flow rate not 

specified 

[165] 

Dexamethasone Optical analysis (UV–
visible spectroscopy) 

PCL matrix polymer in 
CHCl3/DMF 

19.5 kV applied 
voltage 

14.5 cm distance 
between plates 

0.45 mL h−1 flow rate 

[166] 

2,4-
dichlorophenoxyacetic 

acid 

Fluorescence - [167] 

2,4-dinitrotoluene HPLC 10–12 kV applied 
voltage 

[168] 
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Alternatively, the molecular imprinting process can occur during the electrospinning and subsequent 
deposition of the material.[175] In contrast to the previous iteration, this approach enables the entirety 
of the electro-spun surface to act as a receptor rather than relying on particles distributed throughout 
the bulk of the material. Introducing a template species into the pre-spun polymeric solution allows for 
the formation of imprints within the fibres after spinning.[176] The downside of “in-situ spinning” being 
that the deposited layer is not highly cross-linked, which is normally definitive of MIPs as this instils 
rigidity and receptor stability. This said, strong ionic interactions stabilized by a template species have 
the potential to mimic this highly cross-linked characteristic and fibres spun have mimetic capabilities, 
or post crosslinking of the polymer are a possibility.[177] This approach was highlighted with the 
formation of nanofiber films for the sensitive detection of 2,4,6-tribromophenol (TDP) by spin coating 
a solution containing TDP alongside the monomer β-cyclodextrin (β-CD) and poly-vinylbutyral (PVB) as 
electrospinning matrix.[178] The mixture was placed in a 10 mL syringe fitted with a metallic needle of 
0.4 mm inner diameter, and was fitted horizontally opposing a stainless steel electrode that was directly 
connected to a high-voltage power supply. Between the tip and collector was applied 18 kV, with the 
distance between the two being 10 cm, and the flow rate of the solution 0.5 mL h−1. The TDP doped 
polymer fibres were directly electrospun onto a polished glassy carbon electrode (GCE), and postcuring 
of the polymeric fibres was achieved by immersing in hexamethylene diisocyanate (HMDI) at room 
temperature for 24 h (Figure 5.8). The resulting layer showed great sensitivity towards the TDP, having 
a linear range between 0.9–10 × 10-9 M and a calculated LoD of 0.629 × 10-9 M when analysed with a 
quartz crystal microbalance (QCM). Further examples can be found in Table 5.4, highlighting the 
versatility of the approach. 

0.1 mm min−1 flow 
rate 

Naringin HPLC Syringe was fixed 
vertically 

18 kV applied voltage 
Cross linking 

conducted at 30 °C 

[169] 

Naringin HPLC Incorporation of TEOS 
into the spun fibres 

Crosslinking 
conducted at 30 °C 
Template removal 

with hydrofluoric acid 

[170] 

2,4-
dichlorophenoxyacetic 

acid 

HPLC 0.8 mm diameter 
metal tip 

20 cm distance 
between plates 

Driving voltage of 30 
kV 

Aluminium foil 
electrode 

[171] 

Further examples:   [172-174] 
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Figure 5.8 SEM morphology of nanofibers a) before cross-linked; and b) after cross-linking. 
Reproduced with permissions.[178] Copyright 2016, MDPI (CC-BY). 
The primary downside to this technique is that the embedded MIP particles are not homogenously 
spread throughout the spun fibre, leading to sensor reliability issues. Furthermore, depending on the 
size of the particles that are captured in the fibre, surface area can be lost due to high levels of 
encapsulation and particles being buried. Thus leads to the further limitation of there being a maximum 
amount of MIP particles that can be mixed with the spun polymer matrix, with excessive amount 
resulting in poor fibre production and reduced mechanical properties. Therefore, it is probably because 
of these drawbacks that the technique has not yet been widely implemented in MIP-based detection 
platforms. 

Chemical deposition 
One of the major challenges associated with the development of sensing platforms is the reproducibility 
of the method employed to fabricate such sensors. In many MIP-based sensing technologies, the 
preferred approach to prepare the imprinted polymer is bulk polymerization, due to its ease and 
scalability of polymer synthesis. Although bulk polymerization represents a rapid and simple 
preparation method, the integration of bulk MIP particles into sensing devices could lead to sensors 
with poor repeatability and high batch-to-batch variance.[179] In addition, it has been shown by 
different sources that MIP films lead to better performances when compared with bulk MIPs-based 
platforms that hold the same chemical composition.[97,180] The ways in which this can be utilized for 
MIP deposition are through the generation of thin films or the direct grafting of a receptor. 

Thin Films 

Thin films, also described as “in-situ polymerization” or self-assembly polymerization,[181] are 
achieved by adding (usually by drop casting technique) the prepolymerization mixture on the surface 
of a substrate and subsequently polymerized (Figure 5.9). The focus is the formation of MIP films across 
different substrates via UV light or thermal initiation, leading to the direct formation/deposition of a 
receptor. In recent years, the development of MIP thin films has gained increasing attention, stemming 
primarily from their easy incorporation into many readout technologies.[182] Since the polymer film 
can be designed with several monomers and/or cross-linker molecules, the variation of one of mixture 
components can have a huge impact not only on the sensitivity of the sensor but also on the transducer 
used to convert a given signal. For this reason, these films have found application with several readout 



144

   

 
 

technologies such as: HTM,[76,97,183] EIS,[76] CV,[184,185] DPV,[186-189] QCM,[70,190-192] GC-
MS,[193,194] SPR,[195,196] APGC-MS/MS,[197] UHPLC-PDA,[198] UV–Vis.[199] 

 

Figure 5.9 Fabrication scheme of MIP films for malathion detection on screen printed gold 
electrode. Reproduced with permissions.[188] Copyright 2020, Elsevier. 

Surface Grafting 

Similarly to thin films, surfacing grafting allows MIPs to be generated at a functionalized interface in-
situ. This concept is similar to that of electropolymerization, though is defined by the deposited/formed 
layer being covalently bound to the substrates surface whereas electropolymerized layers rely on 
adsorption instead.[200] This is made possible by the prior functionalization of the substrate, where 
reactive chemical functionalities (e.g. hydroxyl, thiol, amine etc.) are introduced across the surface by 
simple chemical modification.[201] Linker molecules are proceeded to be coupled to the functionalized 
surface, offering “anchor” points for the growing of the polymeric layer. Typically, these anchors tend 
to be monomers or photo/thermal initiators that are easily incorporated into the deposited layer during 
the grafting process, thus offering a covalent linkage directly into the bulk of the deposited 
material.[202] This approach was highlighted in another published work, where is present covalent 
binding between 4,4’-azobis(4-cyanopentanoic acid) (ACPA) and (3-aminopropyl)-triethoxysilane (APS) 
functionalized silica particles.[203] Subsequently, a methacrylic acid (MAA) and ethylene glycol 
dimethacrylate (EGDMA) based MIP for the detection of D-phenylalanine/anilide was grafted by 
exposing the functionalized silica particles to these components in toluene while under constant 
irradiation from a UV light source. Alternatively, it was recently shown how tetraethyl orthosilicate 
(TEOS) can be bound to hydroxylated steel sheets (10 × 20 mm) enabling the grafting of a MMA/EGDMA 
based molecularly imprinted polymer for the detection of enrofloxacin.[204] These approaches have 
been adopted by many researchers in the field, with examples listed in Table 5.5. 

Table 5.5 Examples where MIPs have been directly surface grafted onto substrates. 
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Template Readout 
technology 

Approach 
modification 

Reference 
 

2-methoxphenidine Thermal Substrate: Aluminium 
(10 × 10 × 5 mm) 

Surface modification: 
Hydroxylation 

Linker: 
Allyltrimethoxysilane 

[205] 

Heparin Electrochemical Substrate: graphite 
Surface modification: 

chloromethylation 
Diethyldithiocarbamate 

bound 

[206] 

Uric acid Electrochemical Substrate: graphite 
electrode 

Surface modification: 
sol-gel 

[207] 

Theophylline Electrochemical Substrate : carbon 
nanotubes 

Surface modification: 
Hydroxylation 

Linker: 3-chloropropyl 
trimethoxysilane 

[208] 

L-phenylalanine Electrochemical Substrate: silica 
Surface modification: 

hydroxylation 
Linker : APS 

4,4’-azobis(4-cyano 
pentanoic acid) bound 

[209] 

Glucose Potentiometric Substrate: Gold 
nanoparticles 

deposited on a screen 
printed carbon 

electrode 
Surface modification: 

Benzoic acid 
functionalized 

poly(terthiophene) 
Linker: amide bond 

formation 

[210] 

Further examples:   [211-214] 
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Due to the relative ease of synthesis, control over layer growth, and general tunability of the deposition 
method, the direct surface grafting of MIPs is a highly attractive proposition.[215] The method also 
leans into scalability, with the potential of functionalizing a large surface and cutting them into smaller 
sensor size pieces with this notion theoretically generating sensors with higher homogeneity. Adversely, 
this functionalization has to be conducted in a controlled reproducible manner that could prove labour 
intensive and hard to replicate. 

Vacuum deposition methods 
Vacuum deposition is characterized as a group of processes that deposit materials species-by-species 
(e.g. atom-by-atom or molecule-by-molecule) onto a solid surface (or substrate) by operating at 
pressures below that of the atmosphere (e.g. in vacuum). Material that requires depositing is vaporized 
and introduced to a substrate, enabling direct layer formation across the surface. As these processes 
occur in the absence of gaseous species that would normally interfere with molecular or atomic 
deposition, it is possible to form highly controlled thin films onto the substrate. This class of deposition 
can be broken down into multiple subclasses including thermal evaporation, sputtering, cathodic arc 
vaporization, laser ablation, and chemical vapour deposition (CVD).[216-219] Though these different 
branches of vacuum deposition exist, only CVD has been reported for use in the deposition of MIPs. 

Chemical Vapour Deposition 

Traditionally CVD is a deposition method by which a vacuum draws volatile precursor compounds across 
a substrate (typically a wafer), where they can then react and deposit at the surface.[220] The resulting 
layers are highly robust and most importantly tenable, leading to this process being adopted mainly by 
the microfabrication industry for the production of semi-conductors.[221] Common materials that are 
currently deposited this way include silicon, carbon, metals (e.g. titanium, tungsten), and fluorocarbons, 
though polymer composites are becoming increasingly popular.[222] Different CVD operating 
conditions are selected based on the material being deposited, with variations regarding the working 
pressure, vapour characteristics, and substrate heating being just a few parameters that are altered 
when making this consideration.[223] Currently the most common variation associated with MIPs is 
initiated chemical vapour deposition (iCVD), which is a method that is traditionally related to the 
deposition of dense conformal coatings onto solid substrates.[224] In essence, this method uses free-
radical polymerization to synthesize thin films across a substrate, where the vaporized constituent 
components of the polymer (monomer, cross-linker, and initiator) are introduced inside a vacuum 
chamber containing template-functionalized substrates. The polymerization process is activated 
thermally by means of a heated filament, radicalizing the differing components and enabling them to 
react at the surface of the substrate. A cooling stage helps facilitate this step, being placed directly 
under the functionalized substrate, with an exhaust in close proximity to remove any unreacted 
material.[225] 
This approach has been exemplified by functionalizing anodic aluminium oxide membranes with 
immunoglobulin (IgG) before using iCVD for the fabrication of imprinted layers (Figure 10).[226] This 
research demonstrates how a complex biological target can be imprinted effectively by utilizing iCVD, 
producing highly selective receptors when exposed to other biological markers such as lysozyme and 
bovine serum albumin. Though highly effective, this approach has some major drawbacks, including the 
amount of parameters that must be optimized to achieve the synthetic receptor deposition alongside 
the associated high cost. CVD requires highly specialized equipment, meaning the initial start-up price 
for production is high and therefore making it less attractive than other more cost-effective approaches. 
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On the other hand, this approach could prove extremely scalable and has the potential of producing 
very reproducible layers. The method however requires more study in terms of MIP-based sensor 
fabrication as there is only one study reported to date. 

 

Figure 5.10 The graphical concept of using iCVD for the direct synthesis of MIPs onto 
functionalized substrates. Reproduced with permissions.[219] Copyright 2013, American 
Chemical Society. 
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Conclusion and future outlook 
As with the synthesis of imprinted polymers, there are many deposition approaches available for the 
integration of the resulting synthetic receptors into sensory platforms. The methods highlighted above, 
are currently the most widely accepted, with the versatility and the limiting factors of each approach 
discussed. 
This said, there is still a vast amount of differing approaches that have not yet been investigated that 
could prove of high value. A large number of these methods remain in the field of vacuum deposition 
with thermal evaporation, sputtering, cathodic arc vaporization, and laser ablation remaining 
untouched and even CVD sparingly utilized in comparison to other approaches. The defining factor for 
deposition revolves around the idea that either an imprinted layer is formed in situ during sensor 
fabrication, or if the receptor has been synthesized prior and is being deposited as part of a bulk 
material. This is reflected in the target analytes each method is associated with, with in situ methods 
being more favourable for macromolecular targets such as bacteria, cells, and proteins. Whereas 
receptor particle deposition is more frequently associated with small molecules. 

In terms of future prospects for the receptor deposition field, the most valuable advancements will be 
the ones that enable the scaling, increased reproducibility, and eventual commercialization of synthetic 
receptors. Of the approaches mentioned currently, electrodeposition and surface grafting offer the 
highest theoretical scalability, though each has its associated challenges that must be overcome. To 
date, there are no studies conducted on scaling these technologies with the vast majority of current 
research aimed at developing sensor toward novel analytes rather than focusing on this issue. This is 
not to say that researchers are not investigating potential applications of their sensors, but instead use 
applications to justify analyte selection rather than progressing the field towards more consistent and 
reliable sensor construction. It can therefore be imagined that the deposition of receptors will become 
a more crucial factor in the future, with this being a vital stepping-stone for the advancement of the 
MIP field in general and MIP based sensor technology in particular. 
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Preface to Chapter 6 
 
Direct screen-printing of a mixture of graphitic ink and MIP particles to produce MIP-functionalized 
screen-printed electrodes (SPEs) is one of the most interesting mechanical deposition methods 
highlighted in Chapter 5. This method enables the creation of functionalized MIP-platforms with a cost-
effective, reproducible, and easily scalable manufacturing process. Furthermore, electrodes are the 
most frequently used substrate in biosensors (e.g. glucometers) and work harmoniously with 
electrochemical transducers as well as other types of readouts. Using this manufacturing method for 
the production of MIP-modified electrodes opens up the possibility of using these platforms with a wide 
range of transducers and techniques. 

Chapter 6 displays the application of this deposition technique using a mixture of ink and bulk MIP 
particles engineered towards the detection of glucose. This study results in the development of a MIP-
coated screen-printed electrode (MIP-SPE) for glucose sensing. Thanks to the MIP-SPE sensor's design, 
the platform should be compatible with both electrochemical readout technology (electrochemical 
impedance spectroscopy) and the HTM technique. Lastly, the developed MIP-SPE sensor we will test 
the point-of-care efficacy of the sensor for non-invasive glucose detection by analysing its performance 
in glucose-spiked human urine samples using both impedimetric and HTM configurations. The potential 
combination of MIP-SPE sensors with an impedimetric readout configuration is particularly appealing 
due to the possibility of using it in combination with a handheld SPE connector and a commercial 
impedance analyser. In this way an effective dipstick sensor system is created. Such a system would 
allow for the non-invasive, single-shot analysis of the glucose presence in human urine samples. This 
further supports the high potential of the sensor for healthcare applications and brings MIP-based 
sensors one step closer to implementation in healthcare.  
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Abstract 
Glucose biosensors play an important role in health care systems worldwide. Therefore, the field 
continues to attract significant attention leading to the development of innovative technologies. Due 
to their unique characteristics, Molecularly Imprinted Polymers (MIPs) represent a promising 
alternative to commercial enzymatic sensors. In this chapter, we present a low-cost and flexible MIP-
based platform for glucose sensing by integrating MIP particles directly into screen-printed electrodes 
(SPEs). The sensor design allowed the detection of glucose via two different transducer principles, the 
so-called "heat-transfer method" (HTM) and electrochemical impedance spectroscopy (EIS). The 
sensitivity and selectivity of the sensor are demonstrated by comparing the responses obtained toward 
three different saccharides. Furthermore, the application potential of the MIP-SPE sensor is 
demonstrated by analysing the response in urine samples, showing a linear range of 14.38-330 μM with 
HTM and 1.37-330 μM with EIS. To bring the sensor closer to a real life application, a handheld dipstick 
sensor is developed, allowing the single-shot detection of glucose in urine using EIS. This chapter 
illustrates that the simplicity of the dipstick readout, coupled with the straightforward manufacturing 
process, opens up the possibility for mass production, making this platform a very attractive alternative 
to commercial glucose sensors. 
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Introduction 
Diabetes (or Diabetes mellitus) is considered a global burden both in terms of health-related and 
economic costs. According to the WHO, the number of people suffering from diabetes rose worryingly 
from 108 million in 1980 to 422 million in 2014, and in 2019, the disease was the direct cause of 1.5 
million fatalities.[1] Inevitably, the cost for diabetic care multiplied. The American Diabetes Association 
(ADA) estimated a 26% increase in the total cost of diagnosed diabetes from $245 billion in 2012 to 
$327 billion in 2017 the US only.[2] Diabetes is an incurable chronic disease that occurs when the 
pancreas does not produce enough insulin or when the body is not able to properly utilize the produced 
insulin.[3] The insulin-deficiency causes elevated levels of glucose in blood (also called hyperglycaemia) 
as well as in other body fluids.[4–6] Therefore, the easiest and fastest way for the diagnosis and 
monitoring of diabetes are accomplished via the use of sensors able to quantify the glucose levels in 
physiological fluids. Unsurprisingly, the first glucose biosensor was developed by Leland Clark over 60 
years ago in order to tackle the disease by allowing its early diagnosis. As diabetes still represents a 
condition that can lead to serious long-term health problems, the development of novel glucose 
biosensors continues to be one of the top priorities globally.[7,8] Generally, the recognition elements 
utilized in most commercial glucose sensors are represented by enzymes such as glucose oxidase (GOx) 
or glucose-1-dehydrogenase (GDH).[8,9] Despite the fact that these enzymes have extensively proven 
their reliability for glucose sensing over the last decades, their main limitations reside in their relatively 
short long-term stability,[10,11] loss of activity at extreme pH[12] or reactivity towards other sugars 
(especially for GDH-based sensors).[13] For this reason, non-enzymatic glucose sensor have gained 
increasing attention from the scientific community in recent years.[14,15]  

As was described in Chapter 2, a promising category of non-enzymatic recognition elements that could 
overcome the above-mentioned issues are molecularly imprinted polymers (MIP).[16,17] MIPs are 
artificially synthesized materials with tailor-made binding cavities complementary to the template 
molecule in shape, size and chemical functionalities; as such they are able to specifically and selectively 
bind to the target.[18] Some of the key advantages of these polymers are their high stability to extreme 
conditions, extremely long shelf life, and low-cost preparation methods.[19–21] MIPs have been 
successfully integrated into several platforms with the aim to detect a wide variety of targets, ranging 
from small organic molecules[22,23] to proteins,[24,25] viruses[26] and bacteria.[27,28] These features 
make MIPs ideal candidates as recognition elements in glucose biosensors and for the analysis in 
complex matrices, such as physiological fluids[29]. In order to develop a promising alternative to 
commercial sensors, the key features that a glucose biosensor needs to address are cost-effectiveness 
and possibility of mass production. In addition, these techniques should be minimally or non-invasive 
to create a commercial edge over the traditional glucose meters that require the collection of blood 
using a lancet device. In the past years, many MIP-based sensors have been developed for glucose 
detection (Chapter 2),[30,31] with most of them being MIP films polymerized onto a substrate[32–35] 
or platforms based on MIP micro particles embedded onto an adhesive layer (Chapter 3).[36,37] Even 
though such sensors showed promising results in terms of sensitivity and selectivity, the materials and 
procedures used to develop the platforms make the production process highly difficult to reproduce on 
a large scale and difficult to implement in a clinical setting. 

This chapter focuses on the facile and up scalable fabrication of a MIP-modified screen-printed 
electrode for glucose detection and its potential for monitoring the glucose concentration in 
physiological samples. To this extent, MIP particles were prepared using a bulk polymerization approach 
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employing a procedure optimized in our previous work (Chapter 3),[36] the obtained particles were 
then mixed with carbon-graphitic ink and the mixture was screen-printed on top of the working 
electrode. This simple and straightforward procedure allowed the preparation of MIP-modified SPEs 
(MIP-SPEs) (Figure 6.1a) in a cost-effective and reproducible manner. Moreover, the design of the 
fabricated platform made it possible to use the sensor with two different transducer technologies 
(Figure 6.1b and 6.1c), the heat-transfer method (HTM) and electrochemical impedance spectroscopy 
(EIS). The MIP-SPE platform was characterized with Scanning Electron Microscopy (SEM) and Cyclic 
Voltammetry (CV) to assess morphological characteristic and electrochemical behaviour of the 
developed sensing platform. Subsequently, HTM and EIS rebinding analysis in buffer solutions 
confirmed the specificity of the platform when compared to the reference control. The selectivity of 
the developed platform was proven by comparing the thermal response of the platform to different 
structural analogues of the target. Finally, the response of the MIP-SPE platform to untreated urine 
samples, spiked with glucose, was assessed via HTM and EIS analysis. To bring the technology closer to 
a market-ready application, the EIS sensor was transformed into a dipstick technology for the single-
shot detection of glucose in urine samples (Figure 6.1c). The results obtained in this chapter illustrate 
that it is possible to accurately measure the glucose concentration in urine in a fast manner, further 
emphasizing its potential use in diabetes diagnosis and management. 

 

Figure 6.1 a) Design of the fabricated MIP-SPE. b) Heat-Transfer Method (HTM) setup and c) 
Electrochemical Impedance Spectroscopy (EIS) setup adopted for rebinding analysis using 
MIP-SPE as dipstick technology. 
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Materials and Methods 
Materials  

Stabilizers were removed from the monomer and cross-linker through filtration on aluminium oxide. 
Aluminium oxide (≥99.7%), acrylamide (≥99.9%), D-glucuronic acid (≥98%), D-glucose (≥99%), methanol 
(HPLC grade), acetic acid (≥99.8%), dimethyl sulfoxide (≥99.7%), potassium chloride (99%) potassium 
ferricyanide (≥99%), potassium ferrocyanide trihydrate (≥99%) were purchased from Fisher Scientific 
(Landsmeer, the Netherlands). Ethylene glycol dimethactrylate (≥98%) and azobisisobutyronitrile 
(≥98%) were purchased from Sigma Aldrich (Zwijndrecht, the Netherlands). Test strips for glucose 
analysis (Medi-Test) and Phosphate buffered saline (PBS) tablets 1X were obtained from VWR 
International BV (Amsterdam, the Netherlands). Milli-Q water (18.2 MΩ cm−1) or phosphate-buffer 
saline (PBS) were used to prepare solutions for rebinding studies.  

Preparation of Molecularly Imprinted Polymers 

Bulk molecularly imprinted polymers (MIPs) for the detection of glucose were synthesized through free 
radical polymerization, following a procedure reported in our previous work with slight modifications. 
(Chaper 3)[36] A dummy imprinting approach was employed using glucuronic acid as template to 
enhance the interaction with the functional monomer (acrylamide) during the imprinting process. In 
short, D-glucuronic acid (97 mg), acrylamide (282 mg), ethylene glycol dimethacrylate (EGDMA, 1.13 
mL), and azobisisobutyronitrile (AIBN, 50 mg) were dissolved in dimethyl sulfoxide (DMSO, 6 mL). The 
pre-polymerization solution was degassed with N2 for 15 min, and then the polymerization was 
performed at 65 ˚C for 18 h. The bulk MIP was then ground and the obtained micro particles were dried 
at 65 ˚C overnight. The removal of the template was achieved employing a previously described 
procedure.[36] A reference control (NIP) was prepared in parallel following the same procedure as per 
the MIP without the addition of the template. 

Fabrication of the screen-printed macroelectrodes (SPEs) and glucose-MIPs bulk modified screen-printed 
macroelectrodes (MIP-SPEs) 

Stencil designs with a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK) were used for 
the production of the SPEs. For each of the screen-printed electrodes, a carbon–graphite ink 
formulation was first screen-printed onto a polyester flexible film (Autostat, 250 µm thickness). After 
that, the layer was cured at 60 °C for 30 min in a box fan oven with extraction. Next, a silver/silver 
chloride (60:40) reference electrode was applied by screen-printing Ag/AgCl paste (Product Code: 
C2040308P3; Gwent Electronic Materials Ltd, UK) onto the plastic substrate. Then, this layer was cured 
at 60 °C for 30 min in an oven. Finally, an insulating dielectric paste ink (Product Code: D2070423D5; 
Gwent Electronic Materials Ltd, UK) was printed to cover the connections and define the 3.1 mm 
diameter graphite working electrode. One more time, this layer was cured in the same conditions as 
the previous layers. After these steps, the SPE are ready to use and these platforms have been well 
characterized in previous works.[38–41] 

The glucose-MIPs modified screen-printed macroelectrodes (MIP-SPEs) were made by modifying the 
carbon-graphitic ink via modification with glucose-MIPs. This was carried out using a weight percentage 
of MP to MI, where MP is the mass of particulate (the mass of glucose-MIPs) and MI is the total mass of 
the ink including the base graphitic ink and the mass of the particulate.[42–45] This was thoroughly 
mixed into the ink and screen-printed on top of the carbon-graphite working electrode. The equation 
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(MP/MI) × 100 was used to formulate the 5% wt. MIP-SPEs. A 5% wt. of glucose-MIPs was used to ensure 
consistent printing of the analyte in the fabrication process and to test viability of the proposed system. 
The screen-printed electrodes used throughout this work had a connection length of 32 mm and 
average resistance of 2.16 ± 0.06 kΩ.[46] 

Scanning Electron Microscope (SEM) and Cyclic Voltammetry (CV) characterization of Modified SPEs 

In order to characterize the surface morphology of the modified screen-printed electrode, a bare SPE 
and a MIP-modified SPE were placed into 12 mm disks and after gold coating, the samples were imaged 
using a Scios Dualbeam scanning electron microscope (SEM). Cyclic voltammetry studies of bare SPE, 
NIP-SPE and MIP-SPE were performed using a PalmSens4 potentiostaat (PalmSens BV, Utrecht, the 
Netherlands). CV scans were recorded at a potential range of -0.5 to 0.6 V in 0.01 M [Fe(CN)6]3−/4− (1:1) 
and 0.1 M KCl as electrolyte solution at a scan rate of 0.05 V/s. 

Heat-Transfer Method (HTM) setup 

The sensing platform used for the HTM rebinding studies has been described in previous works (Chapter 
4).[47,48] Briefly, MIP-modified screen-printed electrodes were placed on a copper heat sink. The 
temperature of the sink, T1, was strictly controlled using a K-type thermocouple (TC Direct, Nederweert, 
The Netherlands), a power resistor (Farnell, Utrecht, The Netherlands) and a software-based PID 
controller (P = 10, I = 8, D = 0) in Labview (National Instruments, Austin, TX, USA). The electrode was 
exposed to the different analytes using an injection-moulded polycarbonate (PC) flow cell (A = 28 mm2, 
V = 110 μL). A syringe pump was used to inject the studied samples at a rate of 0.250 mL/min for 5 min. 
To measure thermal changes at the solid-liquid interface, a second thermocouple monitored the 
temperature inside the flow cell, T2, at a constant inlet temperature of 37 °C. To stabilize the signal, 
phosphate-buffered saline (PBS) or human urine solution was used. Increasing concentrations (55.5 to 
333 μM) of glucose solutions (or competitor) were gradually injected into the system. To stabilize the 
signal, a waiting time of 20 minutes was observed between each addition. Mean values and error bars 
presented in all the HTM analysis are obtained from the average of three measurements. 

Electrochemical Impedance Spectroscopy (EIS) analysis 

A MFIA impedance analyser (Zurich Instruments, Zurich, Switzerland) was used to measure the 
impedance changes. The impedance analyser was connected to the functionalized SPEs using a portable 
PalmSens SPE connector (PalmSens BV, Utrecht, the Netherlands). The sensing part of the modified 
screen-printed electrode was then inserted into vials containing 10 mL glucose solutions in PBS or 
untreated urine samples, ranging from 55.5 to 333 μM. Continuous frequency sweeps were taken at a 
low-frequency range from 10 Hz to 1 kHz at a test signal of 300 mV. Dose-response curves were 
obtained from the absolute impedance values at a single frequency at which the corresponding phase 
angle is 45 degrees. Mean values and error bars presented in all the EIS studies are obtained from the 
average of three measurements. 

HTM and EIS analysis in urine samples 

Human urine samples were collected from a healthy volunteer. The absence of glucose in the samples 
was confirmed using commercially available Medi-Test Glucose test strips. Increasing concentrations of 
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glucose (55.5 to 333 μM) in urine samples were then prepared and employed for the HTM and EIS 
rebinding analysis with no need of additional pre-treatment of the physiological sample. 
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Results and Discussion 
SEM and CV characterization of functionalized MIP-SPE 

The morphology of the functionalized part (working electrode) of the sensor was studied via Scanning 
Electron Microscopy (SEM) analysis (Figure 6.2). 

 

Figure 6.2 Characterization of the MIP-modified screen-printed electrodes. Scanning electron 
microscopy (SEM) images of working electrode of a) bare screen-printed electrode and b) 
screen-printed electrode modified with MIP particles (MIP-SPE). c) CV voltammograms of 
bare SPE, MIP-SPE and NIP-SPE. 

When analysing the image obtained with the bare SPE, a flat and relatively smooth surface can be 
observed (Figure 6.2a). A different pattern is evident in the SEM image of MIP-SPE (Figure 6.2b). In fact, 
the modification of the electrode with graphitic ink and MIP micro particles can be clearly seen as the 
surface appears more rough and uneven when in presence of the polymer particles. 
The electrochemical behaviour of the functionalized SPEs was analysed by CV voltammetry using a 
[Fe(CN)6]3-/4- redox probe in KCl. In Figure 6.2c, cyclic voltammograms of MIP-SPE and NIP-SPE (red and 
blue lines) show increased oxidation and reduction peaks compared with those obtained for bare SPE 
(black line); the difference is attributed to the fabrication process of the modified SPEs, in which MIP-
modified graphitic ink is screen-printed onto the working electrode. This results in an increased 
conductivity of the substrate due to the higher concentration of graphite in the WE. Another indication 
of the increased surface area in the modified electrodes is provided by the analysis of the oxidation 
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peaks of the different SPEs;[49] in fact, a shift from +0.4 to +0.37 V is observed when comparing the 
bare SPE with the MIP- and NIP-modified SPEs. 

Heat-Transfer rebinding analysis in PBS 

To scrutinize the rebinding efficiency of the MIP-modified SPEs thoroughly using the Heat-Transfer 
Method, the functionalized substrates were placed inside a flow cell at a stringently controlled 
temperature of 37 ˚C and upon injection of increasing concentrations of glucose in buffer solutions 
(PBS), the thermal variations at the solid-liquid interface were recorded and  analysed (Figure 6.3). 

 

Figure 6.3 HTM rebinding analysis of MIP/NIP/Bare SPE after injection of glucose (55.5 to 333 
μM). Analysis on time of a) Temperature and b) effect size changes upon injection of the 
analyte. c) Dose-response curves of MIP-SPE, NIP-SPE and Bare SPE. 

In order to get a direct comparison with the NIP-functionalized SPE and bare SPE and therefore  assess 
the specificity of the MIP-SPE over the two reference materials, the obtained temperature values were 
baselined and then transformed to effect size (%) values using an equation reported in previous works 
(Chapter 3) (Figure 6.3b).[36] The data show a clear distinction in the temperature profiles of MIP-SPE 
(black lines), NIP-SPE (red lines) and Bare SPE (green lines) from the first analyte injection. This 
difference is seen to increase with higher concentrations of glucose, proving the specificity of the MIP-
sensor in the entire analysed range. Dose-response curves were constructed by plotting the effect size 
(%) values against the glucose concentration introduced inside the flow cell (Figure 6.3c). The dose-
response curve obtained for the MIP-electrode shows a saturation trend commonly observed for 
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imprinted polymers coupled with HTM as readout technology. In fact, the measurement shows a clear 
response after the first injections, which then starts to plateau due to the saturation of the binding sites 
available for the binding. For this reason, the data was fit asymptotically with Origin, version 2021b 
(OriginLabs Corporation, Northampton, MA, USA) for MIP-SPE (R2= 0.9992), NIP-SPE (R2= 0.6297) and 
Bare SPE (R2=0.9632). 

Electrochemical Impedance Spectroscopy (EIS) rebinding analysis in PBS 

To further prove the specificity of the MIP-SPE substrate and demonstrate its versatility in detecting 
glucose with different readout technologies, an EIS rebinding analysis in phosphate-buffered solution 
(used to mimic physiological samples) was carried out (Figure 6.4). 

 

Figure 6.4 EIS rebinding analysis after injection of glucose (55.5 to 333 μM). Analysis on time 
of a) Absolute Z values and b) Delta Absolute Z at different concentrations of glucose. Dose-
response curves for MIP-SPE and NIP-SPE of c) Absolute Z and d) Delta Absolute Z. 

The analysis was carried out by connecting the functionalized SPEs to an impedance analyser with a 
commercially available SPE connector, demonstrating then the potential of the modified electrode as 
sensing element in handheld electrochemical devices. The measurement was recorded after simply 
inserting the sensing part of the functionalized electrode into a vial containing increasing concentration 
of target (55.5 to 333 μM). The obtained data show that MIP-SPE retains a high specificity when 
compared with NIP-SPE with a commercial electrochemical readout. A clear decrease in the absolute 
value of the impedance can be observed for the MIP-SPE after submerging it in the lowest concentration 
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of glucose (Figures 6.4a and 6.4c); in contrast, it can be seen that the NIP-SPE shows a negligible change 
in the impedance value upon exposure to glucose solutions. Dose-response curves were constructed 
after baselining the absolute impedance values for MIP- and NIP-SPE, and then plotting the changes 
(delta Abs Z) against the glucose concentrations used for the analysis (Figure 6.4d). The MIP-modified 
electrode shows a linear behaviour (black line, R2=0.9882) with no evidence of saturation effects, 
suggesting that the sensor might be effective also at higher glucose concentrations when analysed in 
PBS samples; NIP-SPE (red line, R2=0.9114) instead shows a diminished response that seems to plateau 
with higher glucose levels. 

Selectivity studies of MIP-SPE 

A key feature that needs to be evaluated for molecularly imprinted polymers and for biosensors in 
general is the selectivity of the sensor platform to a determined target over other competitors. To 
accurately assess the selectivity of the MIP-SPE substrate, the HTM response to three different 
saccharides was recorded and analysed (Figure 6.5). 

 

Figure 6.5 Selectivity studies via HTM analysis. Dose-response curves obtained after exposing 
a) MIP-SPE and b) NIP-SPE to increasing concentrations of three different saccharides. c) 
Analysis of the MIP-SPE/NIP-SPE response (%) after exposure to 0.33 mM of glucose, fructose, 
sucrose and lactose. 
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One of the tested molecules is fructose, a simple sugar with the same molecular formula as glucose 
(C6H12O6) and, as such, the two molecules are classified as functional isomers. However, when analysing 
the structures of these two molecules, glucose is a six-membered ring, while fructose is a five-
membered ring. Thus, it can be deducted that this structural difference is responsible for the clearly 
higher response of the sensor to glucose in comparison to fructose (Figure 6.5c). The other molecules 
tested (sucrose and lactose) instead are made up of two monosaccharides, and therefore are classified 
as disaccharides. It is important to highlight that both the molecules contain one glucose unit in their 
structure and as such are good indicator of the MIP selectivity. Despite this structural similarity, the 
developed MIP-SPE sensor exhibits high specificity (Figures 6.5a and 6.5b) and selectivity (Figure 6.5c) 
towards glucose over these molecules, thus suggesting that size and shape of the analysed 
disaccharides obstruct the potential interactions with the MIP-modified electrode. 

Rebinding analysis in urine samples via HTM and EIS analysis 

The potential applicability of the developed sensor for glucose detection in physiological samples was 
proven via HTM and EIS analysis of untreated urine samples spiked with the target. 

 

Figure 6.6 HTM and EIS rebinding analysis in human urine samples. Raw data obtained via a) 
HTM and c) EIS analysis after exposing the MIP-/NIP-modified SPE sensor to increasing 
concentration of glucose. Dose-response curves constructed from b) HTM and d) EIS 
measurements, the blue dashed lines indicates the calculated LoDs (3σ method). 
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From the raw data measurements obtained with the two different readout technologies it can be clearly 
observed a distinctive change for the MIP-SPE substrate, whereas NIP-SPE shows little to no response 
with both HTM and EIS (Figures 6.6a and 6.6c). Specifically, in the HTM analysis of the MIP-SPE, a 
decrease in temperature is observed after each injection of the glucose solutions due to the obstruction 
of the heat flow at the solid-liquid interface as a result of the interaction between the target and the 
cavities present in the polymer. The NIP-SPE signal, on the other hand, shows very little change after 
injections, thereby proving the specificity of the MIP sensor. To better highlight and compare the 
thermal response of MIP- and NIP-modified SPE, dose-response curves were constructed as indicated 
above (Figure 6.6b), and the data were fitted asymptotically for both MIP-SPE (black line, R2=0.9905) 
and NIP-SPE (red line, R2=0.9356).  

Although HTM is commercially interesting due to its low-cost and user-friendly operating mechanism, 
its application in handheld single-shot analysis of urine samples, similar to a blood glucose meter, is 
cumbersome with the current equipment. Therefore, an EIS-based sensor was developed using a 
handheld commercial SPE connector and a commercial impedance analyser. This device can be used as 
a dipstick for non-invasive single-shot glucose detection in urine. The sensor was "dipped" in urine 
samples, spiked with the same concentrations analysed by the HTM method, therefore allowing a direct 
comparison between the two different data sets. The results show a clear decrease in the absolute 
value of the impedance upon exposure of the MIP-functionalized SPE to the lowest concentration of 
glucose, whereas the reference NIP-SPE shows a much smaller decrease. Furthermore, the change in 
impedance increases linearly when the MIP sensor is placed in contact with higher concentrations of 
glucose, thus demonstrating the reliability of the designed SPE for the quantitative analysis of glucose 
in complex matrices such as urine. To make interpretation of the impedance changes of MIP- and NIP-
modified SPE during the rebinding experiments easier, dose-response curves for MIP-SPE (black line, 
R2=0.9861) and NIP-SPE (red line, R2=0.8017) were constructed in Figure 6.6d. When analysing the 
constructed curves with both the transducers (Figure 6.6), it is clear that the MIP-sensor can be 
successfully employed for both HTM and EIS analysis in a complex physiological matrix, such as urine. 
The sensitivity of the developed sensor in urine samples was assessed by calculating the limit of 
detection (LoD) from the dose-response curves of MIP-SPE (Figures 6.6b and 6.6d, black lines). The LoD 
was calculated using the three-sigma rule, (blue dashed line) corresponding to the maximum noise 
value of the signal throughout the measurement multiplied by three. The obtained y-values were then 
plotted (blue lines) and their intercept with the MIP-fits allowed the calculation of the two LoDs. The 
calculated LoDs were found to be 14.38 μM for the HTM and 1.37 μM for the EIS urinalysis. These results 
demonstrate the potential of MIP-SPE as low-cost, diagnostic device for the non-invasive diagnosis of 
diabetes in urine samples as the sensor proves its efficiency in the physiologically relevant regime. 
Moreover, when comparing Figures 6.3 and 6.4 with Figure 6.6, it can be seen that the sensor’s 
performance is not highly affected from complex matrices and therefore might be further developed 
for glucose detection in different body fluids. 
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Conclusions 
In this chapter, we have successfully described an imprinted polymer for glucose detection using a free 
radical bulk polymerization. The prepared MIP particles were then employed as recognition element to 
fabricate a MIP-functionalized screen-printed electrode (MIP-SPE) sensor. The MIP-SPE sensor was 
fabricated by simple screen-printing a mixture of graphitic ink and MIP particles onto the working 
electrode of a standard carbon SPE. The sensor has demonstrated to be highly selective and is sensitive 
enough to allow both thermal and electrochemical quantification in urine samples in physiologically 
relevant concentrations. In terms of commercial application, the impedimetric sensor mainly stands out 
by the possibility of using it in combination with a handheld SPE connector and a commercial impedance 
analyser in a dipstick configuration. This would allow for the single-shot, non-invasive analysis of the 
glucose concentration in urine samples. The low-cost, disposable nature of the chips makes this 
possible, while the impedimetric sensor enables end-users to quickly get a result that can be easily 
quantified. In the current setup we used a benchtop impedance analyser but this can easily be replaced 
by a handheld model once implementation is complete. The combination with the easily scalable 
production process of the SPEs further emphasizes the commercial potential of the platform. Inter-
sample variability has mainly shown to influence the baseline but not the relative response of the 
normalized MIP-NIP signal, allowing for easy and fast calibration of the sensor. 
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Chapter 7
Conclusion and Outlook 
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The aim of this chapter is to synthesise, connect, and briefly analyse the findings from each chapter of 
the thesis, with an emphasis on the research questions addressed throughout the study. 

The research presented in this thesis has demonstrated how synthetic receptors such as molecularly 
imprinted polymers (MIPs) can be employed as sensing elements in biosensor devices. In fact, a variety 
of fields can benefit from the many advantages that MIPs can bring for the detection of several 
biomarkers.[1] For example, modern healthcare industry could make use of MIPs in biosensor devices 
as an alternative to traditional biological recognition elements, such as enzymes and antibodies.[2] One 
of the key biomarkers in the healthcare sector is glucose. The monitoring of its levels is fundamental 
for the diagnosis and monitoring of diabetes, a disease affecting millions of people worldwide.[3] 
Commonly, early diagnosis and monitoring of this disease are achieved via testing the blood glucose 
with enzymatic-based test strips coupled with an electrochemical transducer. As previously mentioned, 
these enzymatic-based tests have proven to be very important in handling diabetes but they do have 
stability issues in challenging conditions and can suffer from degradation over time.[4] For this reason, 
the academic community have shifted their interest towards the development of innovative non-
enzymatic alternatives. Although commercial non-enzymatic sensors are already emerging, MIPs-based 
sensors are also showing a lot of potential for the detection of glucose. This was the rationale for the 
literature review in Chapter 2 on the advancements in MIP-based technologies for glucose monitoring. 
In this literature study, many MIP-based platforms have been critically evaluated and discussed from 
different points of view. Firstly, the different production methods employed for the synthesis of MIPs 
targeting glucose are discussed and summarized in order to identify the most promising approaches in 
terms of reliability as well as possibility of scaling up the fabrication process to an industrial scale. 
Different transducer technologies employed with MIP-platforms were then scrutinized and discussed. 
This has led to the identification of several promising MIP-based technologies, as well as the 
identification of some bottlenecks that still need to be addressed to reach the analytical market. In the 
following chapters of this thesis, we tried to build on the most promising approaches in previous 
research projects and overcome some of these bottlenecks to bring MIP-based glucose sensors closer 
to real-life applications. 

After examining the glucose sensing field and, more specifically, the advancements and limitations of 
several MIP-based glucose sensors, the development of an innovative MIP-based thermal platform 
targeting glucose was presented in Chapter 3. In this chapter, different MIP compositions were tested 
in order to obtain a satisfactory glucose rebinding efficiency. After optimization of the imprinted 
polymer particles, these were integrated into a thermally conductive platform via a process of micro-
contact deposition.[5] More specifically, a polyvinyl chloride (PVC) layer was spin coated onto a polished 
aluminium chip to obtain an Al-PVC substrate. Afterwards, the optimized MIP particles were then 
deposited onto the substrate by mechanical micro-contact to obtain a MIP-based thermally conductive 
platform. The thermal variations of the sensor platform after exposition to increasing glucose 
concentrations in buffer solutions were recorded and studied via HTM analysis and demonstrated a 
sensitivity well below the concentration regime in blood samples. Therefore, after an assessment of the 
MIP-HTM platform’s selectivity, a real-life sample application was attained by analysing the response 
towards glucose in spiked human urine samples. The findings show that the sensor could provide a non-
invasive, low-cost alternative to traditional enzyme-based methods for medical diagnostics. 
Furthermore, the sensor's sensitivity makes it fascinating to explore other potential applications, such 
as its use in food analysis or fermentation process monitoring. 
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The results achieved in glucose sensing illustrate that MIP-based sensors have proven to be effective 
tools for the detection of a wide variety of targets, making them potentially attractive in many fields of 
applications.[6] In Chapter 4, the production of a MIP-based platform for the detection of melamine 
was described. Melanine is a nitrogen-rich organic molecule often used as adulterant in milk and milk 
products,[7] is presented. This study was done to demonstrate that MIP-based thermal sensors can be 
used in a wide variety of application fields and not only healthcare. Therefore, a MIP-HTM sensor 
targeting melamine was developed using a similar fabrication method used in the previous chapter. 
Different MIP compositions were tested and the best MIP composition in terms of rebinding capabilities 
and specificity was employed as sensing element in a MIP-based platform. The sensing platform was 
fabricated using the same process employed in the previous chapter (micro-contact deposition of the 
MIP particles onto an Al-PVC layer. The sensitivity and selectivity of the platform was evaluated in CaCl2 

solutions with the HTM method. Finally, in order to prove the sensor’s potential as tool for identifying 
illegal milk adulteration, the MIP-HTM platform was exposed to increasing concentrations of melamine 
in untreated milk samples. The sensitivity and linear range displayed in a challenging matrix such as 
milk, without any pre-treatment, demonstrated the potential of the developed platform in food safety 
analysis. This further confirms our initial hypothesis that MIPs are excellent alternatives to biological 
sensing elements that allow the resulting sensors to detect their target in matrices and environments 
were traditional sensors tend to fail. This opens up the possibility to further test the platform for 
different applications in the future.  

The MIP-based sensor platforms introduced in the initial chapters of the thesis were prepared using a 
multi-step process in which different chemicals and machinery are necessary. Though the platforms 
have shown satisfying limits of detection in real-life samples, making them attractive alternatives to 
commercial analytical devices, the production process remains complex to translate into an industrial 
procedure. As a next step towards a more versatile and scalable procedure, in Chapter 5 a literature 
review focusing on the different deposition methodologies for integrating MIPs into biosensor 
platforms is presented. To date, there is no single defined way for coupling a MIP with a specific 
transducer, with researchers employing a variety of methods. As a result, it is valuable to describe and 
distinguish the different ways in which MIPs can be deposited. Moreover, each approach, and possible 
modifications that can be carried out to integrate synthetic receptors for particular readout 
technologies, are highlighted and critically discussed from a commercial point of view. When analysing 
the different techniques employed, it is evident that the most valuable advancements in the area of 
receptor deposition will be those that allow the scaling, increased reproducibility, and eventual 
commercialization of synthetic receptors. 

After studying the different deposition techniques reported in literature, a highly scalable, single step 
production process is employed to fabricate a MIP-functionalized screen-printed electrode for glucose 
detection. Chapter 6 explores the possibility of integrating MIP particles onto a flexible electrode 
substrate by means of a direct screen-printing process. This process, described and discussed in Chapter 
5, involves the screen-printing of a graphitic ink-MIP particles mixture directly onto a flexible substrate 
in order to form a MIP-modified screen-printed electrode (MIP-SPE). In Chapter 6, the sensitivity and 
selectivity towards glucose of the developed MIP-SPE platform was analysed in buffer solutions. Thanks 
to the sensor’s design, the analysis were conducted with two different transducer technologies, the 
previously mentioned HTM as well as electrochemical impedance spectroscopy (EIS). Finally, the 
sensor’s potential in healthcare diagnostics was demonstrated by means of HTM and EIS analysis in 
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urine samples at physiologically relevant concentrations. Moreover, when employing the platform with 
EIS as transducers, it could be used in combination with a handheld SPE connector, thus emphasizing 
the commercial potential of the sensor as single-shot, non-invasive tool for the determination of 
glucose in urine samples. 

Overall, the research presented in Chapters 3, 4, & 6 highlights the possibility of using MIPs as 
recognition elements in sensors for health and environmental applications. In this thesis MIPs were 
produced using a free-radical bulk polymerization process. Though this method is known to yield MIP 
particles in a low-cost and easily scalable manner, subsequent steps such as mechanical grinding and 
Soxhlet extraction make this production process slow and yields considerable polymeric waste. It is 
therefore recommended that future research efforts should be aimed at incorporating the newest 
trends in MIP synthesis in the sensor production process. This might overcome the disadvantages 
associated with bulk polymerizations. One can imagine using different MIP production methods, such 
as emulsion polymerization, precipitation polymerization, electro-polymerization or solid-phase MIP 
synthesis, as these involve easier and less cumbersome extraction processes and yield more 
homogenous particles.[8-10] 

One of the benefits of MIPs in sensor devices is certainly their versatility in recognizing many different 
targets. In the future, innovative MIP-based platforms for other targets could be developed using 
similar production procedures presented in this thesis, in order to address emerging and pressing 
societal issues. For example, emerging clinical risks for public health, such as Per- and Poly-Fluorinated 
Alkyl Substances (PFAS) contaminations[11] or the pressing antimicrobial resistance[12] could be 
fought with the development of innovative MIP-biosensors for the detection of these targets in 
challenging matrices (soil and groundwater for PFAS, milk and other foodstuffs for antibiotics). 
Additional future studies should also investigate the possibility of utilizing different MIPs targeting 
diverse targets. This would allow the development of a multi-sensing platform and therefore critically 
enhance the real-life potential of MIP-based platforms. Another area that could be further explored is 
the employment of the developed MIP-platforms for glucose for the quantification of the sugar levels 
in different food products. It would be interesting to analyse the HTM or EIS responses of the MIP-based 
sensors when exposed to foods containing high level of sugar mixtures. Additionally, the developed 
MIP-technologies should be further tested and validated in a relevant environment in order to enhance 
the technology readiness level (TRL) and bring these sensors closer to commercialization. Innovative 
MIP-based glucose sensor could therefore be tested and validated in combination with traditional 
enzymatic sensors by healthcare professionals. These studies would allow researchers to understand 
possible areas of improvement for these sensors in order to bring them closer to commercialization and 
therefore to the end user. Similar validation studies could also be carried out with other MIP-based 
sensors for food safety and environmental applications by undertaking large in field testing analysis to 
evaluate reliability and possible drawbacks of the developed devices. 
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Summary 
This thesis investigates the employment of an innovative class of polymeric materials, the so-called 
molecularly imprinted polymers (MIPs) as synthetic recognition elements in in sensor arrays. These 
synthetic receptors have emerged as synthetic alternatives to biological sensing elements that are 
traditionally used in biosensing. MIPs have several advantages including their ability to detect various 
target molecules in challenging conditions and thus providing a viable option in biosensor development 
to natural receptors (e.g. antibodies or enzymes). 

In Chapter 1, an introduction to biosensors is provided, followed by a discussion of the two main 
categories of biological sensing elements, namely natural and synthetic receptors. After a short 
overview of molecularly imprinted polymers (MIPs), a type of synthetic recognition element, and their 
potential incorporation into biosensor platforms, a comparison with their natural counterparts is 
presented. 

Chapter 2 seeks to categorize and evaluate new developments in MIPs as recognition elements for 
glucose detection. This chapter critically examines the crucial field of glucose biosensing by comparing 
traditional devices based on enzymes capable of selectively oxidizing and thus detecting blood glucose 
with potential alternatives that use MIPs as synthetic receptor elements instead. To this end, the 
various manufacturing techniques and transducers used in the development and testing of MIP-based 
sensors for glucose detection are summarized and critically examined from a commercial standpoint. 
As a result, several published works were identified as potential starting points for the development of 
commercially viable MIP-based biosensors for glucose sensing and, more specifically, diabetes diagnosis 
and monitoring. 

In Chapter 3, MIPs for glucose detection were synthesized, optimized, and characterized using different 
techniques, with the best MIP composition being used as sensing element in a thermally conductive 
layer. The MIP-based platform was manufactured by micro-contact stamping MIP particles onto an 
aluminium adhesive layer (Al-PVC), and its thermal response to increasing concentrations of glucose 
and other saccharides was investigated using a novel, low-cost transducer technology known as the 
Heat-Transfer Method, or HTM. The HTM results collected showed adequate sensitivity and selectivity 
towards glucose in buffer solutions. Finally, the platform demonstrated its real-world application for 
detecting glucose in human urine samples. 

Chapter 4 investigates the possibility of using the same fabrication method used in the previous chapter 
to construct a MIP-HTM sensor for food safety analysis. A MIP targeting melamine, an adulterant 
molecule frequently found in milk products, was synthesized and optimized for this purpose. The 
optimized MIP particles were then deposited onto an Al-PVC layer as previously described, and the MIP-
platform's HTM response after exposure to increasing concentrations of melamine was recorded and 
analysed. The sensor's sensitivity and selectivity were tested in CaCl2 solutions to simulate milk samples. 
An HTM rebinding analysis of melamine was performed using untreated milk samples to demonstrate 
the promising potential of the developed MIP-based sensor for food safety analysis. The sensor 
displayed a limit of detection that was more than three times lower than the molecule's set legal limit 
in milk, demonstrating the platform's potential for identifying melamine-adulterated milk samples. 
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Chapter 5 dives into the various techniques used by researchers around the world for the deposition of 
imprinted polymers in sensor applications. This review categorizes deposition methods into 
mechanical, electrochemical, chemical, and vacuum deposition, and analyses and discusses the benefits 
and drawbacks of each method. In addition, a reflection on the most appropriate methods for mass 
production is made, emphasizing promising approaches reported in literature as well as the missing 
steps to the commercialization of MIP-based biosensors. 

In Chapter 6, the emphasis is shifted to the possibility of fabricating a MIP-based platform for glucose 
sensing using a more appropriate large-scale deposition technique capable of producing MIP-based 
sensors in a single step, automated process. To reach this goal, a glucose sensing platform is 
manufactured by screen printing a mixture of MIP particles and graphitic ink resulting in a MIP-
functionalized screen-printed electrode. (MIP-SPE). The sensor's design allowed for glucose rebinding 
analysis using two distinct readout technologies, the HTM method and electrochemical impedance 
spectroscopy. (EIS). Furthermore, the EIS configuration demonstrated the ability to use the MIP-SPE 
sensor as a dipstick sensor, highlighting the platform's potential for healthcare applications. In 
conclusion, the HTM and EIS responses of the sensor in untreated human urine samples indicated a 
practical application in the diagnosis and monitoring of glucose levels in diabetic patients. 

Finally, in Chapter 7, the thesis' findings are critically examined and discussed, as well as a future 
outlook on the various potential improvements that could be explored in the MIP-sensing field in the 
coming years in order to achieve the first MIP-based commercial product in the analytical market. 
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Summary (in Dutch) 
In dit proefschrift wordt het gebruik van zogenaamde molecularly imprinted polymers (MIPs) als 
synthetische receptoren in biosensors onderzocht. Traditioneel worden biologische receptoren zoals 
antilichamen en enzyme gebruikt als receptor in biosensoren maar MIPs hebben voordelen ten opzicht 
van hun natuurlijke tegenhangers: ze zijn in staat om in extreme omstandigheden hun target te binden. 
In deze thesis wordt getracht om MIP sensoren dichter naar een tastbare toepassing te brengen.  

In Chapter 1 wordt een inleiding tot biosensoren gegeven, gevolgd door een bespreking van de twee 
belangrijkste categorieën detectie-elementen, namelijk natuurlijke en synthetische receptoren.  Hierbij 
wordt uitgelegd hoe MIPs een voordeel kunnen bieden ten opzichte van bioreceptoren en in welk 
toepassingsveld ze een toegevoegde waarde kunnen bieden.  

In Chapter 2 wordt een van deze toepassingsvelden nader onderzocht. Aan de hand van een uitgebreide 
literatuurstudie wordt nagegaan in welke mate het al mogelijk is om MIPs te gebruiken als receptor in 
glucose sensoren. Traditionele gluco meters maken gebruik van enzymen die glucose oxideren, hetgeen 
leidt tot een electrochemisch signaal. Deze sensoren zijn snel, goedkoop en makkelijk te gebruiken en 
zijn daarom ook een commercieel succesverhaal gebleken in diabetes management. Maar ze hebben 
ook nadelen waardoor niet-enzymatische alternatieven ontwikkeld worden. MIP sensoren zijn hier een 
voorbeeld van. Dit academisch veld wordt in deze studie samengevat en er wordt geanalyseerd welke 
MIP synthese aanpak het meest veelbelovend is en hoe ze best in sensoren worden verwerkt. De 
uitkomst van deze analyse vormt het uitgangspunt van de studie in hoofdstuk 3.  

In Chapter 3 werd een MIP sensor ontwikkeld voor het detecteren van glucose in urine stalen. Hiertoe 
werden MIPs gesynthetiseerd, geoptimaliseerd en gekarakteriseerd. Het beste recept werd gebruikt 
om MIPs te produceren die fungeerden als receptor element in een thermische biosensor. De MIP 
deeltjes werden daartoe in een PVC laag gestempeld. Vervolgens werden de MIP-gebaseerde sensor 
chips blootgesteld aan toenemende concentraties glucoses (en andere suikers). De experimenten in 
hoofdstuk 3 dat het selectief binden van glucose aan de MIPs leidt tot een verandering van de 
thermische weerstand van de chip, een effect dat kan gebruikt worden om MIPs in klinisch relevante 
concentraties te detecteren in biologische stalen (urine).  

In Chapter 4 wordt nagegaan of het MIP-HTM platform ook gebruikt kan worden in ander 
toepassingsvelden voor de detective van andere moleculen. Hiertoe werd een vergelijkbare sensor 
gemaakt voor het opsporen van melamine in melkproducten. In de zuivelindustrie wordt het proteïne-
gehalte van producten gemeten als onderdeel van de kwaliteitscontrole. Melamine kan deze testen om 
de tuin leiden waardoor het lijkt dat de producten rijk zijn aan proteïnen terwijl dat niet het geval is. 
Daarnaast is melamine ook schadelijk van de gezondheid. Een sensor die dit kan opsporen, zou dus van 
grote waarden kunnen zijn in het kader van voedselveiligheid. Hiertoe werden MIPs ontwikkeld en in 
een sensor geïntegreerd op een vergelijkbare manier als voor de glucose sensor in het vorige hoofdstuk. 
HTM werd opnieuw als thermische uitlezing gebruikt en na metingen in zowel calcium buffer als melk 
werd vastgesteld dat de sensor wel degelijk in staat is om snel en eenvoudig de aanwezigheid van 
melamine vast te stellen in melk. Traditionele biosensoren kunnen dergelijke analyse enkel uitvoeren 
na voorbehandeling van de stalen, de MIP HTM sensor kan dit meteen in volle melk. Een enorm 
voordeel dat de mogelijkheid opent voor additioneel onderzoek naar andere toepassingsgebieden.  
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In Chapter 5 wordt nagegaan of de MIP HTM sensor op een andere manier zou kunnen worden 
vervaardigd waardoor deze ook geschikt is voor massaproductie. Daartoe werd een literatuurstudie 
uitgevoerd naar een van de voornaamste struikelblokken in het commercialiseren van MIPs: het 
produceren van chips met een homogene hoeveelheid aan MIPs. Hiertoe werd een literatuurstudie 
uitgevoerd naar verschillende methoden om MIPs af te zetten op sensor chips. De meest veelbelovende 
methoden worden hierbij uitgelicht en van naderbij onderzocht.  

In Chapter 6 wordt de kennis uit de literatuurstudie in het vorige hoofdstuk, in de praktijk gebracht. 
Een van de meest veelbelovende depositiemethoden is immers het mengen van MIPs met een ink om 
dit mengsel vervolgens door zeefdrukken (screen printen) in een dunne laag met een welbepaald 
patroon af te zetten op de sensor chips. In dit hoofdstuk werden de eerder ontwikkelde glucose MIPs 
op deze manier afgezet op alumimium chips voor de detectie van glucose met behulp van zowel HTM 
als impedantie. Vooral de combinatie met impedantie is hierbij interessant omdat het een commerciële 
technologie betreft die gecombineerd kan worden met de massa productie van screen-printed 
electrodes (SPEs) en adapters die toelaten deze SPEs als dipsticks te gebruiken. Bovendien zijn 
impedantie analyzers doorgaans handheld waardoor MIP sensoren weer een stukje dichter komen bij 
implementatie in de gezondheidszorg, het originele doel van de thesis.  

Ten slotte worden in Chapter 7 de bevindingen van het proefschrift kritisch onderzocht en besproken, 
alsmede een toekomstperspectief voor de verschillende potentiële verbeteringen die de komende 
jaren op het gebied van MIP-sensoren kunnen worden onderzocht om te komen tot het eerste op MIP 
gebaseerde commerciële product op de analytische markt. 
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Impact 

The first chapters of this thesis have primarily concentrated on the scientific advancements of 
molecularly imprinted polymers (MIPs) and MIPs-based sensor platforms. However, it is also critical to 
emphasize the impact of the presented findings on the healthcare and food safety sectors and society 
in general. The research findings presented look into various methodologies that could be used to 
develop sensitive, low-cost and user-friendly MIP-based sensors to address a variety of societal issues.  

Glucose, for example, is a crucial biomarker for global healthcare systems that millions of diabetic 
patients monitor on a daily basis.[1,2] Diabetes is a worldwide condition that can have devastating 
consequences if undiagnosed or untreated. This condition is tracked by analysing blood glucose levels 
using easily accessible enzymatic-based assays (FigureI1). Though these devices are considered the holy 
grail of biosensors, MIP-platforms can overcome some disadvantages associated with enzymatic 
stability in specific conditions. 

  
  

 

 

 

 

 

 

Figure I1 Representation of a commercial enzymatic glucose sensor used to measure blood 
glucose.[3] 

Therefore, in Chapter 3, a study on the development, optimization, and analysis of a low-cost, non-
invasive MIP-based glucose platform coupled with an innovative readout technology, as well as a proof-
of-concept in human urine samples, is presented. Urine is advantageous over blood analysis as it can 
be obtained through non-invasive sampling, while retaining high correlation with glucose blood 
levels.[3,4] It also lowers the threshold for e.g. children that suffer from diabetes but might be scared 
of the Lancet device and are too young for having a continuous monitoring implant. Furthermore, MIP-
based sensing might offer a non-enzymatic alternative that allows for measuring in challenging 
circumstances in e.g. low-income countries where sensor stability is an issue.  

Another societal problem that could benefit from the advantageous properties of MIPs in biosensor 
arrays is food safety analysis.[5] Food safety describes the circumstances and routines that maintain 
food quality in order to avoid contamination and food-borne illnesses. Melamine, a nitrogen-rich 
organic molecule, has infamously received global attention in the last two decades for its improper use 
in milk and milk products. The adulteration of milk products with melamine in order to falsify the 
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protein content of these foods resulted in a 2008 incident in China in which over 50000 infants were 
hospitalized and diagnosed with melamine-related urinary stones.[6] As a result, regulators around the 
globe have set a melamine limit of 2.5 mg/kg in dairy products[6] Sensors that enable low-cost routine 
screening of dairy products would enable consumers and industrial stakeholders at various points along 
the dairy production value chain to detect melamine adulteration quickly, This in turn would 
considerably reduce its negative effects on public healthcare systems. The results presented in Chapter 
4 aim to show how a low-cost MIP-based sensor coupled with an appropriate readout technology can 
detect adulterated milk products in a regulatory regime, offering a very promising tool for both end-
users and the food industry. 

Scalability of the manufacturing process is a critical aspect of biosensor platforms that must be 
addressed in order for them to reach the market and thus the end user. In reality, many MIP-based 
research works still struggle with this translation, resulting in a limited availability of MIP-products for 
the end user. After a literature study presented in Chapter 5 on the different deposition methods used 
to integrate MIP in sensing platforms, the research study described in Chapter 6 focuses on the 
development of a MIP-based glucose platform using a one-step, easily scalable production process. The 
platform's results show that the manufacturing process produced a MIP-based sensor capable of 
detecting glucose in human urine samples, demonstrating its potential as alternative for commercial 
glucose test strips. 

In the work presented in Chapter 6, we attempted to demonstrate how a screen-printed MIP-based 
electrode can be used for the non-invasive detection of glucose in human urine samples. The aim of 
this study was to optimise the deposition methods used in Chapter 3 and, above all, to demonstrate 
the potential of the modified electrode in the diagnosis and monitoring of diabetes. However, after the 
publication of this study, we were contacted by BASF Vegetable Seeds to try to implement our MIP-
based SPE sensor for another type of application of great commercial and social importance. The 
platform developed in Chapter 6 could in fact be a perfect tool for detecting glucose in food samples, 
such as tomatoes. As already mentioned, traditional enzymatic devices using glucose oxidase (GOx) 
show a decrease in stability and activity at acidic pH.[7] Considering that several published works report 
pH ranges in tomatoes between 3.9 and 4.9,[8,9] this would inevitably hamper the accuracy and 
stability of measurements. Therefore, in order to successfully and reliably analyse the glucose content 
in different tomato types, a different enzymatic assay (e.g. glucose hexokinase) or a non-enzymatic 
sensor must be used. Therefore, the MIP-SPE platform realised in Chapter 6 could be used for the fast 
and reliable detection of sugar in tomatoes and many other food samples, thus showing the wide 
commercial and societal potential of this work. 

The research works presented on this thesis provide additional knowledge on the MIP-sensing field 
whilst focusing on societal needs. For this reason, in this works, real-life sample applications have been 
demonstrated by analysing the content of the different analysed targets (glucose and melamine) in 
untreated relevant matrices, such as human urine and milk samples. Notwithstanding, other 
characteristics of the developed platforms still need to be evaluated and optimized in order to move 
these technologies even closer to commercialisation and thus to the end-user. For this reason, these 
findings have been showcased and discussed with many international experts in the sensing field in 
different international conferences. More specifically, these works have been presented at the 
following events: 
2022 Material Research Society Spring Meeting (Honolulu, May 2022), Engineering of Functional 
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Interfaces 2022 Meeting (Maastricht, July 2022), 9th Kurt Schwabe symposium (Graz, July 2022), 
American Chemical Society Fall 2022 Meeting (Chicago, August 2022) and at NWO Chains 2022 
conference (Veldhoven, September 2022). 

Despite the fact that MIPs have many benefits as compared to their natural counterpartss, it is essential 
to note that they do not represent a commercial alternative in the analytical market at this moment, 
and thus for the end user. Since their discovery, the MIP-sensing field has seen many advances in terms 
of sensitivity and selectivity. However, some important aspects still remain unaddressed before this 
product can reach the market. Several promising MIP-based products have emerged in recent years; 
for example, a company called MIP Discovery[10] recently commercialized nanoMIPs for the detection 
of COVID-19 and illicit drugs. The company Affinisep[11] has also created and commercialized other 
MIP-based extraction products. Furthermore, other businesses and start-ups, such as SixthWave 
Innovations Inc.,[12] Sensip-dx,[13] or Affinomer,[14] are getting involved in and concentrating on the 
use of MIPs for target detection and extraction. This growing commercial interest indicates that it is 
only a matter of time before MIP-based technologies are going to make a significant impact in the 
healthcare market and aid in the battle against current and future societal challenges. During the course 
of this thesis, I started to collaborate with several of these companies to ensure that the chance that 
our sensors could once reach the market and actually impact society is maximized. 
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