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Abstract

The increasing importance of monitoring environmental changes resulting from chemical
stimuli affects various aspects of human life, including daily routines, healthcare, and
manufacturing. Addressing this demand necessitates advanced sensor units with specific
attributions, such as sensitivity, excellent selectivity, rapid response times, stability, and reusability.
Conducting polymers (CPs) have arisen as a promising avenue in the field of sensors due to their
advantages, including ease of fabrication, cost-effectiveness, lightweight, and the potential to tailor
surface functional groups. However, they face challenges in sensitively detecting target molecules
due to their relatively weak interaction, and achieving selectivity is a key objective. In light of
these challenges, we conduct research on Molecularly imprinted polymer (MIP)-based CP sensors
to achieve sensitive and selective detection of target analytes. MIPs are functional porous materials
with high-affinity binding sites that closely match the dimension and functionality of the analyte.
By establishing active sensing sites through covalent or non-covalent bonding between the sensing
material and target molecules, we aim to mimic the biological antibodies. MIPs offer various
advantages compared to antibodies, including ease of production, cost-effectiveness, reusability,
and chemical stability, allowing for long-term storage at room temperature, While research on
MIPs is actively conducted across various applications such as chemical and biosensors,
absorbents, membranes, and catalysts, there remains a need for increased investigation on the
bonding formation between functional monomers and target analytes for the construction of
binding sites. However, the use of MIPs in electroanalytical methods still presents challenges such
as low electrical conductivity, difficulty in immobilizing MIPs on electrode surfaces, and limited

accessibility to binding sites. These limitations can be resolved by employing conducting



monomers to create MIPs. Recently, molecularly imprinted conducting polymer (MICP)-based
electrochemical sensors have gained significant attention due to their advantages, including
simplified fabrication and immobilization, intrinsic electrical conductivity, and uniform binding
sites. This review describes the advantages and issues of MICPs compared to traditional
molecularly imprinted non-conducting polymers (MINPs). Significant challenges, such as reduced
sensitivity and selectivity, and potential strategies to overcome these limitations are discussed for
high-performance electrochemical devices. Herein, we studied bonding formation for active
binding sites between functional monomers and target analytes, utilizing diverse analytes and

sensing techniques.
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Chapter 1

Background and Literature Review

1.1 Introduction

Over the past decades, there has been a significant rise in the need to detect, classify, or
quantify chemical and biological species in complex environments. [1] This surge is evident across
various fields, driven by a more informed society that expects stakeholders and policymakers to
enhance the understanding, monitoring, and control of substances in everyday products. For
example, the number of emerging contaminants in the environmental sector continues to grow,
with over 100,000 chemicals have been registered. [2, 3] In the food industry, analytical methods
have become essential for improving quality and ensuring traceability,[4] while in clinical
diagnostics, identifying key biomarkers and their reference ranges has been crucial for detecting
numerous diseases. [5] In addition to the inherent challenges of analyzing these compounds, there
is a growing demand for cost-effective, fast, easy-to-use, portable, and energy-efficient methods.

Molecularly Imprinted Polymers

618

584 577
548 554 — N

604

503

455 450
424 —

329 343

239

Number of publications

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Year

Figure 1-1 The number of scientific articles published since 2010 concerning Molecularly
Imprinted Polymers (according to PubMed database).
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Electrochemical sensors address these needs by offering rapid, accurate results at low cost. [6]
They also boast high sensitivity, a wide linear range, lower power consumption, and the potential
for miniaturization and portability, making them attractive for various applications. [7]

A wide range of materials and biocompounds are being explored to enhance sensor
performance and selectivity. [8] One approach involves using biocatalysts, such as enzymes, which
specifically convert target analytes into more easily detectable products or using electrocatalysts
that facilitate more efficient electron exchange and reaction rates, improving sensitivity and
lowering the required oxidation/reduction potential. [9, 10] Another approach focuses on using
biochemical recognition elements, which enhance sensor selectivity by binding specifically to the
target analyte. [11, 12] Despite their high performance, biosensors face challenges such as high
costs, limited long-term stability, large-scale production difficulty, and low stability under harsh
conditions. [13] To address these challenges, an alternative method known as molecular imprinting
was developed, leading to the creation of molecularly imprinted polymers (MIPs). [14, 15] Often
referred to as “plastic antibodies” or chemical mimics”, MIPs offer significant advantages by
reducing the issues associated with natural molecular recognition systems. [16] MIPs offer
numerous benefits, such as high selectivity, and sensitivity toward target molecules. Furthermore,
they are simple to synthesize, cost-effective, and robust under various conditions, including pH,
temperature, and pressure changes. [17] MIPs are composed of functional monomers, crosslinkers,
template molecules, porogenic solvents, and initiators. Their properties can be customized by
varying the combinations of templates, functional monomers, and crosslinkers. Due to these
versatile features, MIPs are used in a wide range of applications, such as food analysis [18],
biological sensing [19], environmental monitoring [20], and targeted drug delivery. [21] These

applications utilize MIPs in different roles, such as gas sensors [22], electrochemical sensors [23],
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and optical sensors [24]. The steadily rising number of publications on MIP-based sensors
highlights the growing interest and emerging opportunities in their development, as shown in
Figure 1-1. One of the most extensively studied applications of MIPs is in sensor fabrication,
particularly electrochemical sensors. The core principle behind electrochemical sensors involves
converting chemical signals into electrical outputs. [25] Typically, sensors consist of a receptor
for detecting the analyte and a transducer that converts this detection into a measurable signal. [26]
By incorporating conducting polymers into the synthesis of MIPs, known as molecularly imprinted
conducting polymers (MICPs), the immobilization of MIPs onto the transducer surface as sensing
materials can be simplified. MICPs offer the advantage of simplifying the copolymerization and
immobilization process, allowing MIPs to serve as the sensing material directly on the transducer
surface. In this review, we will discuss the fundamental principles of the MIPs dividing into
molecularly imprinted non-conducting polymers (MINPs) and MICPs, analyzing how these
materials are designed to achieve high specificity and sensitivity in sensing applications. We will
explore the synthetic strategies involved in their production, including the choice of functional
monomers, crosslinkers, and the template removal process, which ensures the formation of
recognition sites tailored to specific analytes. Additionally, we will discuss the broad range of
electrochemical sensing applications for MINPs and MICPs such as environmental monitoring,
food safety, clinical diagnostics, and targeted drug delivery. Particular emphasis will be placed on
the characteristics and performances of sensors, and recent advances, including the incorporation
of nanomaterials to enhance sensor performance. A comprehensive comparison of the advantages
and disadvantages of MINPs and MICPs will also be discussed, accompanied by a detailed
discussion of their limitations, and notable progress in their development and application. Our

objective is to provide a comprehensive analysis of the significant studies in this field by
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incorporating conducting polymers in molecularly imprinted technologies while addressing the
challenges of reduced sensing performance due to the limited functional groups and potential
strategies to resolve limitations.

My Ph.D. study addresses the research gap by conducting fundamental studies on
Molecularly Imprinted Polymers (MIPs) and conducting polymers. This research aims to
systematically explore how the electrical conductivity of MIP-based sensors changes by
combining conducting polymers, particularly for applications to chemiresistive gas sensors and
electrochemical sensors. specific modifications to the structure and surface chemistry of these
MXenes influence their electrochemical performance, particularly in energy storage applications.
By examining interlayer spacing, cation intercalation, and surface functionalization, I explore the
relationships between these tunable material properties and key device parameters, such as
capacity, charge-discharge efficiency, and stability. Chapter 2 will elaborate on the detailed
hypotheses that guide each project within this study, along with specific objectives designed to
quantify and compare the performance impacts of each modification. Through this research, I
establish foundational design principles for non-Ti based MXenes, advancing their application in

next-generation energy storage systems.

1.2 Chemiresistive gas sensors

The ability to monitor and record changes in the environment caused by chemical stimuli
is becoming crucial for various aspects of human life, including healthcare, daily activities, and
production. [27] To accomplish this, it is essential to have advanced sensor units that can
effectively detect gas analytes, specifically volatile and semi-volatile organic compounds

(VOCs/SVOCs). These compounds contain valuable information that is vital for detection,
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monitoring, and closed-loop control in multiple industries, such as medicine, food production,
environmental monitoring, public security, and agriculture. [28] [29] An ideal gas sensor should
possess certain characteristics such as high responsivity, excellent selectivity, fast response and
recovery times, great stability and repeatability, ability to operate at room temperature, low cost,
and ease of fabrication for practical applications. [30] [31] [32] To fulfill these requirements,
various types of gas sensors utilizing different transduction mechanisms have been extensively
researched and developed. These include chemiresistive gas sensors, field-effect transistors (FETs),
solid-state electrochemical sensors (SSES), quartz-crystal microbalances (QCMs), gas capacitors,
and surface acoustic wave (SAW) sensors. Among these sensors, chemiresistive gas sensors,
which consist of an active sensing layer connecting a pair of electrodes, have emerged as promising
candidates since the 1960s. [33] [34] Chemiresistive gas sensors have several advantages,
including easy fabrication, utilization of small quantities of active materials (typically in milligram
amounts), wide availability of sensitive materials, and straightforward interpretation of sensing
data. These features ensure chemiresistive gas sensors success in certain commercialization

opportunities. [35] [36]

1.3 Electrochemical sensors

In the field of sensors, the process of measuring electrical properties to gather information
from the sensing system is typically of an electrochemical nature. In this context, a key element
for transducing information is the use of the electrochemical components. In electrochemistry, the
reaction being studied typically leads to one of three measurable outcomes. It either generates a
detectable electric current (amperometry), results in a measurable change in electrical potential or

charge accumulation (potentiometric), or causes a noticeable alteration in the conductivity of the
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medium between electrodes (conductometric). [37] There are also references to other
electrochemical detection methods, such as impedimetric, which quantifies impedance including
resistance and reactance), and field-effect, which utilizes transistor technology to measure current

due to a potentiometric effect at a gate electrode. [38]

Since reactions are typically detectable in close proximity to the electrode surface, the
choice of electrode material, its surface alterations, and its dimensions significantly impact its
ability to detect. Electrochemical sensing involves three essential types of electrodes: the reference
electrode, the counter electrode, and the working electrode. The reference electrode (Ag/AgCl is
commonly used), is positioned away from the reaction site to maintain stable potential. The
working electrode acts as the key transduced in the electrochemical reaction, while the counter
electrode establishes an electrical connection with the electrolytic solution allowing a current to
be applied to the working electrode. These electrodes must possess both chemical stability and

electrical conductivity. [39]

Voltammetry is one of the electroanalytical methods categories, where information about
an analyte is gathered by changing the electrical potential and then measuring the resulting electric
current. As there are numerous ways to manipulate the potential, there exist multiple forms of
voltammetry, including linear sweep, differential pulse, and polarography (DC voltage). [40]
Cyclic voltammetry (CV) is one of the most commonly used forms, primarily employed to obtain
data regarding the redox potential and the rates of electrochemical reactions in analyte solutions.
In this method, the voltage is gradually shifted between two values at a fixed rate. However, when
the voltage reaches the maximum applied voltage (V2), the scan direction is reversed, and the
voltage is then shifted back to the initial point (V1). The scan rate, calculated as (V2-V1)/(t2-t1), is

a significant factor because the duration of the scan must allow sufficient time for chemical
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reactions to occur. [41] The shape of the voltammogram associated with a particular compound is
influenced not only by the scan rate and the state of the electrode surface, which changes depending
on the adsorption phase, but it can also be affected by the concentration of the analyte. The form
and precise current density can serve as an indicator for distinguishing the sensing response

between sensors and analytes. [42]

1.4 Conducting polymers

For the utilization of chemiresistive gas sensors and electrochemical sensors, Metal oxide
semiconductor materials have been widely recognized as a primary candidate for gas detection
since the first chemiresistive gas sensors were developed using Tin oxide and Zinc oxide in the
early 1960s. [43] Various metal oxides, including tin oxide (SnOz2), Zinc oxide (ZnO), tungsten
oxide (WO3), iron oxide (Fe203), and cobalt oxide (Co304) have been extensively studied and
utilized to advance gas sensor technology in both academic and commercial domains. [44] [45]
[46] [47] [48][49] [50] [51] However, these sensors are typically operated at higher temperatures
ranging from 200 to 500 degrees Celsius, necessitating the integration of an additional heater with
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Figure 1-2 Total number of publications on polymer-based gas sensors per year over the last
decade (source: PubMed, Search key: polymer AND (gas sensor or chemical sensor).
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the sensing material. Working at elevated temperatures poses several challenges, such as complex
fabrication requirements, increased power consumption, shorter sensor lifespan, decreased
sensitivity over time, and baseline drift. [52] With these challenges, conducting polymers (CPs)
have emerged as a promising option for the development of efficient gas sensor devices that can
detect material-gas interactions at room temperature, eliminating the need for micro-heaters. [53]
[54] In addition to their ability to operate at room temperature, CPs offer inherent benefits such as
easy fabrication, low cost, lightweight nature, and flexibility in material design. [55] [56]
Furthermore, the fabrication of conducting polymers at low temperatures, employing printing
deposition techniques, and excellent flexibility open up avenues for the creation of advanced
flexible and wearable sensors on a large scale. [57] [58] With these advantages, researchers have
shown increasing interest in the development of gas sensors using polymer materials to quickly
and accurately detect volatile molecules and monitor the decay process. The number of
publications on this topic between 2010 and 2020 has significantly expanded, as evidenced by

PubMed. (Figure 1-2) [59]

Compared to traditional inorganic materials, conducting polymers (CPs) possess
exceptional and unique properties, making them highly attractive for gas sensor technology. [36,
37] Among the various CPs, polypyrrole (PPY), polyaniline (PANI), polythiophene (PTH),
poly(3,4-ethylenedioxythiophene) (PEDOT), and their derivatives have been extensively studied
as potential candidates for gas sensors with capability of detecting volatile organic compounds
(VOCs). (Figure 1-3) [60] [61] [57] [62] [63]The appeal of these polymers stems from their ease
of synthesis, good stability at room temperature, and sensitive surface charge characteristics. Over

the past few decades, significant research efforts have been dedicated to the detection of specific
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molecules at room temperature using CPs, leading to numerous journal publications and patents

in this field.

poly(p-phenylene) Polypyrrol Polythiophene
poly(p-phynylene vinylene) ~ Polyacetylyne Polyaniline

Figure 1-3 Structural illustration of different conducting polymers.

A gas sensor is capable of converting the concentration signals of target gases into detectable
physical signals, such as resistance, current, or voltage. When exposed to gaseous analytes, the
adsorption of molecules on CPs leads to changes in their electrical properties, which are strongly
influenced by the doping level. [64] Doping and undoping processes play a critical role in the gas
sensing mechanism of CP sensors. The doping levels of CPs can be easily adjusted through
chemical reactions with different target gases at room temperature. Most CPs undergo
doping/undoping through redox reactions. When CPs are doped with an oxidizing agent, charge
carriers are introduced into the electronic structure, resulting in the formation of p-type conducting
polymers, which is known as p-type doping. Conversely, when CPs are doped with a reducing
agent it leads to n-type doping. The doping level of CPs can be controlled by transferring charge
carriers to or from the target gases. This transfer of electrons causes changes in the conductivity
of CPs and affects their work function. For example, electron acceptors like NO2 can extract

electrons from CPs. When these types of gases interact with p-type CPs, the doping level and
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conductivity of the CPs improve. The opposite process occurs when an electron-donating gas is
detected. To further explain the sensing mechanisms of gas sensors based on CPs, an example of
a p-type conducting polymer is shown in Figure 1-4. [65] The conductivity type of CPs is
determined by their doping level. When CPs are doped with an oxidizing agent, electrons transfer
into the electronic structure of the oxidizing agent. This transfer leads to a decrease in electron
density and an increase in hole concentration, resulting in p-type conduction, as shown in Figure
1-4b. When CPs come into contact with an oxidizing gas such as NOz, a reaction occurs between
the CPs and NO2, forming nitrogen dioxide anions (NOz2"). This reaction causes the electrons in
the CPs to be pulled away and depleted. As a result, the hole concentration increases, and the
resistance decreases, as depicted in Figure 1-4c. On the other hand, when a reducing gas like
ammonia (NH3) interacts with the CPs, electrons are donated to the p-type material, leading to the
formation of ammonium ions (Figure 1-4d). This donation of electrons reduces the hole
concentration through electron-hole combination, resulting in an increase in sensor resistance.
However, when exposed to pure N2 or air, the CPs can partially or completely restore their

resistance.

26



(a) (b)
~ Oxidizing agent -

o Wi L
Doping with B o o 0 o

Conducting polymer q G h q
Oxidizing agent -type materia

Substrate Substrate

(c) (d)
In oxidizing gas (NO,) In reducing gas (NH,)
+

NO; NO; NH, NHy N

e = e

e é e
QOO LO VO 0D 0O O
0.9.9.9

-type materia

000000
P-type materia
ﬂm Substrate

Increase in major charge carrier Reduction the major charge carrier (hole)
(hole) and decrease the resistance Due to the electron-hole combination

Figure 1-4 Sensing mechanism of p-type conducting polymer. (a) conducting polymer, (b) CPs
doped by the oxidizing agent, (c) CPs exposed to oxidizing gas, and (d) CPs exposed to reducing

gas (NHa).

1.5 Molecularly imprinted polymers (MIPs)

Although Conducting polymers (CPs) have great advantages for sensor applications, including
lightweight, low cost, easy fabrication, operation at room temperature, and ease of tailoring surface
functionality, there are still challenges in the sensitive detection of target molecules due to the
weak interaction. Moreover, selective detection that can only interact with the target gas should be
achieved. Therefore, studies on CPs aim to tailor surface functionality to overcome the challenges.
CPs can be used as platforms to immobilize biomaterials, which selectively bind specific target
molecules such as antibodies [66], DNA [67], antigens [68], receptors [69], and enzymes [70].

These biomolecules, although effective, have drawbacks such as high cost and instability.
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Therefore, there is a need for suitable alternatives. Synthetic receptors and molecularly imprinted

polymers (MIPs) are promising substitutes for natural biological recognition elements. [71, 72]

The molecular imprinting process can be compared to the lock-and-key mechanism observed in
biochemistry, where enzymes have specific active sites that match a substrate, allowing them to
bind together like a lock fits its key. The concept of molecular imprinting is mimicked synthetically
by forming analyte-specific binding sites within a polymer matrix. This is achieved by
polymerizing functional and crosslinking monomers around target molecules, acting as the
template. Once the template is removed, the cavities having affinity are left behind and are tailored
in shape, size, and functional groups to selectively recognize the original target molecule. The
functional monomers interact with the template through either non-covalent or covalent bonds,
resembling the bonding interactions found in natural systems. Typically, the process involves three
main steps, as shown in Figure 1-5. [73] First, the prepolymers composed of template-functional
monomer complexes are prepared via covalent or non-covalent (self-assembled) interaction. The
complexes are polymerized with a crosslinking agent that fixes the functional monomers around
the template and forms the three-dimensional polymer network) using radical initiator. After
completion of the polymerization process, the template is removed, leaving cavities with
complementary shapes, sizes, and functional groups to the template molecule onto the polymeric
matrix. [74, 75] The recognition of target molecules occurs through hydrophobic interactions,

hydrogen bonding, van der Waals forces, or electrostatic interactions. [76]
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Figure 1-5 Schematic diagram of molecular imprinting mechanism.

The core of molecular affinity in MIPs is based on the template-monomer complexes formed
before polymerization. These template-monomer complexes interact with varying degrees of bond
strength. [77] The stronger the interaction between the template and monomer, the more binding
sites are formed. [78] Based on the interactions between the target molecule and the functional
monomer in polymer, it can be mainly categorized into three types of interactions: (1) non-covalent,
(2) covalent, and (3) semi-covalent. (1) Non-covalent imprinting is by far the most common type
of methodology, which primarily depends on the formation of weak binding interactions between
the functional monomer and the template in the pre-polymerization complex. These weak
interactions include hydrophobic forces, hydrogen bonding, Van der Waals forces, dipole
interactions, and electrostatic forces. [79] The key benefits of non-covalent imprinting can be its
ability to accommodate a wide range of template molecules, its simple preparation process,
efficient template removal, and improved rebinding kinetics. [80] However, the specificity of the
binding sites can be reduced due to the heterogeneity resulting from the various pre-polymerization
complexes, and competition from the solvent and crosslinker. [81] (2) Covalent imprinting
typically uses reversible covalent bonds between the template molecules and functional monomers

to create stable polymers. [82] To proceed with the covalent imprinting, the template molecule
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must have at least one functional group that can be derivatized, such as alcohols, aldehydes,
ketones, amines, or carboxylic acids, as commonly noted in the literature. [83] Once the
customized cavities are formed, the template is removed by chemically cleaving the covalent
bonds with the MIP using extraction methods such as reductive cleavage with acid or bases, or
acidic hydrolysis. The main advantage of covalent imprinting is that it leads to a highly uniform
distribution of binding sites within the polymer. However, the main drawbacks of this approach
can be the limited range of species that can form reversible covalent bonds and the additional steps
required for the template modification.[84] Also, the template modification that is required to be
derivatized for building covalent bonds can result in challenges such as poor template recovery
after polymerization, slower rebinding kinetics during the sensing process, and difficulty in
extracting the template for MIP use. [85] (3) Semi-covalent imprinting combines elements of both
covalent and non-covalent imprinting. The key concept is to design MIPs using covalent
imprinting, where the pre-polymer complexes form through covalent bonds. After polymerization,
these covalent bonds are replaced by non-covalent functionalities, allowing template rebinding to
occur via non-covalent interactions. This hybrid approach combines the advantages of covalent
imprinting with the more efficient rebinding process of non-covalent imprinting. However, the
shift in functionalities can lead to crowding and steric hindrance between the MIP and the template,

potentially reducing binding capacity and hindering the imprinting process. [84, 86]

Functional monomers, crosslinkers, and initiators are the three essential components in MIP

synthesis. Figure 1-6 shows the common examples of components.
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Figure 1-6 Commonly used MIP components, including functional monomers (methacrylic acid,
acrylic acid, 2-vinyl pyridine, 4-vinyl pyridine), crosslinkers (ethylene glycol dimethacrylate,
divinylbenzene, trimethylolpropane-trimethacrylate, methylene acrylamide), and initiators
(azobisisobutyronitrile, azodiisopentanyl, benzoyl peroxide).

Functional monomers are crucial in forming molecularly imprinted polymers by interacting with
template molecules through covalent or non-covalent bonds. The functional hydrogen bonds or
active substituents in these monomers influence the affinity of the template to the monomers, the
mechanical stability, and the porosity of MIPs. [87][88] The MIP synthesis begins when the
functional monomer sufficiently reacts with the template to form a complex. A crosslinker is then
added to stabilize the functional groups, creating a highly crosslinked rigid polymer even after the
template is removed. [74] The quantity of crosslinkers used plays a critical role in determining the
quality and performance of MIPs. If there is not enough crosslinker, the structural stability of the
polymer decreases, resulting in functional monomer loss, while too much crosslinker reduces the
number of recognition sites in the MIP. [89][90] Initiation methods of polymerization include
thermal, photo, and electrical processes, and the use of an initiator is essential to ensure proper

polymerization and reduce the reaction time, which can also impact the properties of MIPs.
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Polymerization is a crucial aspect of MIP synthesis, as the final polymer structure directly
influences the imprinting efficiency and functionality. If polymerization occurs too quickly or
without control, it may result in inaccessible cavities or a non-rigid polymer. Additionally, the
polymerization process can be optimized by adjusting factors such as the solvent-to-reagent ratio,
the ratio of monomers to the template, the initiation method, and the location or surface where the
cavities are produced. [91] Polymer chains can also be incorporated into various surfaces, forming
different structures like layers, beads, or core shells. [92] Free radical polymerization is the most
commonly used method for MIP synthesis. [91] Vinyl-based monomers, such as ethylene, styrene,
and methyl methacrylate, are particularly suitable for polymerization. Polymers produced via free
radical polymerization are typically highly branched, exhibit a broad range of molecular weights,
and possess atactic structures. [93] Free radical polymerization can be performed using different
methods such as bulk, suspension, emulsion, and precipitation polymerization. Table 1-1 presents

the characteristics of different polymerization strategies.

Table 1-1. Characteristics of common polymerization methods for MIP synthesis.

Polymerization Advantages Disadvantages Ref
Bulk Simple and cheap Harsher template removal and  [94-
heterogeneous cavities 96]

Suspension Large-scale production Large particle [97-
99]

Emulsion Small nanoMIPs and large- Requirement of emulsifier [100-
scale production agent and extra synthesis step ~ 103]

Precipitation Uniform spherical MIPs with Heterogenous cavities [104-
controllable particle size 107]

Bulk polymerization is a simple process that involves the reaction of functional monomers,
templates, initiators, and crosslinkers in a porogenic solvent all at once. [94] The resulting polymer

particles are irregular in shape and size, and mechanical handling during processing may damage
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the recognition site. Therefore, this method is known for its low selectivity and poor
reproducibility. [95, 96] Suspension polymerization is an additional method for producing large-
scale MIPs, while controlling the polymerization to produce spherical polymer particles. [97]
Water is often used in the synthesis, which is beneficial for environmentally benign process.
Mineral oil and perfluorocarbon can also be used for the continuous phase. However, the drawback
of this method is that it generates large particles in the micrometer to millimeter range. [98, 99]
For better controlled nano-sized particle production, emulsion polymerization is a complementary
method used for large-scale synthesis of monodisperse MIPs. Two phases of solvents, such as
water-in-oil or oil-in-water, are used. The functional monomers and template are emulsified with
a surfactant and the initiator is added in the continuous phase. [100] The added initiator penetrates
the micelles with diameters between 2-10 nm to produce spherical polymers with sizes ranging
from 10-100 nm. [101, 102] These polymers resist aggregation due to electrostatic repulsion. So,
the MIPs produced by this method exhibit useful features such as hydrophilicity, water-swollen
structure, and submicroscopic size. However, the use of emulsifiers raises concerns about potential
toxicity. [103] Precipitation polymerization is a one-step method for producing uniform and
spherical MIP particles in the sub-micrometer size with effective imprinting properties. [ 104] This
method allows for flexibility in the reagent ratios, ranging from highly crosslinked to solvent-rich
mixtures, making it one of the most versatile and widely used approaches. This method requires a
large amount of template and is performed in a dilute monomer solution without the need for
surfactants. [105] The polymer particles grow in solution until they reach a critical size, at which
point they precipitate, continuing until the initiator is deactivated. Factors such as stirring speed,
solvent polarity, and reaction temperature influence the particle size. [106] Key advantages include

a higher surface-to-volume ratio compared to bulk polymerization, easier template removal
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without harsh treatments, and no need to modify the template-monomer complex. However, its
main disadvantage is that the diluted medium can result in heterogeneous cavities due to low-

affinity interactions, which can reduce the selectivity of MIPs. [107]

Electrochemical sensors generally consist of a sensing element, a transducer, and a signal
processor. The sensing elements include a binding site that selectively interacts with a target
molecule, and MIPs are suitable to be utilized as sensing elements. Numerous studies have
explored MIPs in electrochemical sensors using voltammetry and potentiometry techniques. [108,
109] However, incorporating MIPs as artificial receptors in sensor design comes with a few
challenges. One major challenge is the immobilization of MIPs on the transducer surface, which
can affect mechanical stability, sensing performance, and reproducibility. [110] For voltammetric
sensors, it is essential for the analyte to interact effectively with the recognition sites on the
electrode surface. However, when bulk-synthesized MIPs are used, not all active sites are
accessible, as some cavities are not located near the surface. The limited accessibility increases
resistance to mass transfer, making it harder for target molecules to reach these deeper sites, and
decreases the binding kinetics. Additionally, coating the electrode surface with non-conductive
materials like MIPs reduces the area available for electron transfer, resulting in lower peak currents
during measurements. Carbon paste electrodes were incorporated into MIP-based electrochemical
sensors to address these issues. Since MIPs are typically non-conductive, conductive materials like
multi-walled carbon nanotubes (MWCNTSs) are often added to improve conductivity to make
MINPs suitable for electrochemical sensing platforms. [111] Also, conductive nanomaterials such
as graphene and carbon nanotubes have been used to enhance polymer conductivity during

polymerization. [112][113] A promising solution to the conductivity issue is using monomers that
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form molecularly imprinted conductive polymers (MICPs), which can solve the problem of low

conductivity in traditional MINPs.

The incorporation of conductive polymers (CPs) into molecular imprinting technology began in
the early 2000s, as highlighted in several review articles. [114][115] In general, the ability to
interact with an analyte is identical, but using MICPs as synthetic receptors offers the added benefit
of generating a direct electrical signal when a binding event occurs. Examples of monomers used

in MICP synthesis are shown in Figure 1-7.
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Figure 1-7 Commonly used functional monomers for MICP synthesis.

Two methods are mainly used to synthesize MICPs, including chemical polymerization (discussed
in Table 1) followed by casting polymers onto a solid substrate, and electropolymerization directly
on a solid surface. Electropolymerization is the most widely used method to create MICPs because
of its advantages, such as precise control over polymer thickness, direct immobilization to the
electrode surface, and elimination of crosslinker and initiator usage. In this process, the template
is typically mixed into the functional monomer solution and becomes embedded within the
polymer matrix. Polymerization is initiated using electrochemical techniques such as cyclic

voltammetry (CV) or chronoamperometry. The amount of charge transferred during the process
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can control the film thickness. However, electropolymerization requires the monomers to have
electroactive moieties. Therefore, only a limited range of monomers are suitable for
electropolymerization. [115] Conductive polymers can also be synthesized through chemical
oxidative polymerization using ammonium persulfate as an oxidizing agent. [116] This method is
rarely used for MICP preparation compared to electropolymerization. Oxidative polymerization is
particularly useful for creating MICPs on non-conductive materials, which cannot be achieved
through electropolymerization. [117] For both techniques of MICP synthesis, the capability of
removing additional steps of using crosslinkers during polymerization can simplify the process
and reduce time and cost. Moreover, the removal of crosslinkers can increase the accessibility of
binding sites. [118] When the functional monomers for conducting polymers are used in MICPs,
immobilization on the transducer surface becomes much easier due to the conductive nature of
MICPs. This leads to higher accessibility of target molecules to binding sites because the
copolymerization process for attaching the functional monomer to the transducer is removed.
Consequently, there is no need for additional crosslinkers, which prevents the formation of
embedded binding sites between the crosslinkers, further enhancing accessibility to the binding
site. MICPs also possess uniformity and reproducibility since electropolymerization offers a
controlled process for forming the polymer layers. The controlled design of MICPs avoids trapping
template molecules within the polymer matrix, which can often happen in bulk MIP synthesis.
[119] As shown in Table 1-2, MICPs are considered better receptors for electrochemical sensors
due to their superiorities in terms of conductivity, accessibility of binding sites, and reproducibility.
However, the lack of diverse functional groups in the conducting polymers can lead to reduced

imprinting efficiency for MICPs. This can result in potentially lower sensitivity and selectivity.
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The sensing performances of both types of MIPs will be discussed in the application part,

highlighting the trade-offs between MINPs and MICPs.

Table 1-2. Comparison of MINPs and MICPs in electroanalytical methods.

Feature MINPs MICPs

Possibility for monomer selection Unlimited Limited
Immobilization on the transducer surface Difficult Easy
Mechanical stability after immobilization High Low

Conductivity Non-conductive Conductive
Availability of binding sites Low accessibility High accessibility

Uniformity of binding sites Low High
Template removal for reuse Difficult Easy
Reproducibility Low High
Sensitivity High Low
Selectivity High Low

1.6 Applications of MIPs

The properties of MIPs can be adjusted by varying the combinations of functional
monomers and crosslinkers to optimize binding site formation. For electrochemical sensor
applications, immobilization MIPs were conducted to get binding signals to electrical signals.
However, MICPs exhibit a direct change in electrical properties at the binding sites when
interacting with an analyte, enabling immediate detection due to their inherent conductivity. The
specific binding sites of MICPs enhance the affinity of the electrochemical sensor for the target
analyte. Using MICPs as both receptor and electrochemical transducer helps minimize interference
from structurally similar compounds, as these would not only have different interactions with the
binding sites of MIPs but also produce distinct electrochemical signals. [120] Therefore, MINP
and MICP-based electrochemical sensors have been applied in various fields, including

environmental monitoring, clinical diagnostics, food safety, and pharmaceutical analysis. In this
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application section, we aim to compare the performances and properties of MIP-based
electrochemical sensors developed using two platforms, MINPs and MICPs, highlighting their

strengths and limitations in sensing identical targets.

Environmental monitoring- Electrochemical sensors to detect polyfluoroalkyl substances
(PFAS) are getting great attention due to the toxicity of PFAS in air, fish, soil, and water.
Especially perfluorooctanesulfonic acid (PFOS) is toxic due to its persistence in the environment
and tendency to bioaccumulate, especially in living organisms. Exposure to PFOS is linked to
health risks, including liver damage, hormone disruption, and increased cancer risks.[121]
Therefore, various MIP-based electrochemical sensors have been developed for PFOS detection.
[122-127] Notably, the conducting polymer polyaniline (PANI) was used as a soft MICP
templating material for the detection of perfluorooctanesulfonic acid (PFOS), as shown in Figure
1-8(a).[126] Aniline/PFOS was initially adsorbed onto a polyester paper substrate and then treated
with an oxidant and dopant to form a polymer film templating PFOS. Following PFOS removal,
MICP was generated. When PFOS, a negatively charged aliphatic acid, binds to the MICP sensor,
it modulates the conductivity of PANI through interactions with electron-deficient nitrogen atoms
in aniline. This binding reduces the number of charge carriers on the surface of the MICP film,
lowering its conductivity. The sensor demonstrated a limit of detection (LoD) value of 1.02
nM and showed high selectivity for PFOS over the other PFAS compounds in spiked water
samples. By performing chemically oxidative polymerization, large-scale sensors can be
fabricated, and mechanically robust paper-based sensors were developed through well-defined
fabrication methods. The conducting polymer poly(ortho-phenylenediamine) (P(o-PD)) was also
used for the detection of PFOS. Ortho-phenylenediamine is commonly electropolymerized on gold

or carbon electrodes from aqueous solutions using cyclic voltammetry in the presence of PFAS
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compounds.[122, 124] After polymerization, PFAS is removed by washing with a water/methanol
solution, and target binding is indirectly monitored through a redox probe, such as ferrocene
carboxylic acid. This approach achieves the lowest limit of detection of 0.04 nM for PFOS among
the developed MIP-based sensors, significantly below the WHO drinking water standard of 0.4
ug/L. [128] The performance of the sensor can be further improved by modifying the electrode
surface with nanomaterials, like gold nanostars.[123] These MICP sensors showed the potential of
conducting polymers for ease of immobilization on the transducer surface and high accessibility
of binding sites demonstrating their reliable performance in detecting PFOS in water. While MIPs
have been used for detecting PFAS pollutants in water, they have also been widely applied in water

analysis for the detection of pesticides.
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Figure 1-8 Applications electrochemical sensors using (a) MICP using PANI for PFOS water
pollutants detection, and (b) MINP using ATR imprinted phenol on PtNPs/CsNs4 for ATR
detection. (reproduced from Copyright © 2017, American Chemical Society).

Table 1-3 summarizes the MICP and MINP electrochemical sensors for detecting
pesticides in water samples. MIP-based electrochemical sensors were developed for the detection

of parathion, one of the widely studied pesticides in water. MICP was used to detect parathion
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utilizing acrylic acid-modified conducting polymer PANI as a functional monomer. The
introduction of the vinyl group on the PANI enhanced the selectivity of MIP and preconcentration
of the parathion target by charge attraction toward PANI. With these two effects, the MICP sensor
showed a broad detection range of 3.4*10*M-1.87*10°M with a LoD value of 11.3nM. [129] The
highest sensitivity toward the parathion target was achieved by the MINP-based electrochemical
sensor using MAA as a functional monomer.[130] MAA, as a functional monomer, can create
hydrogen bonding with parathion by the interaction between the carboxylic acid of MAA and NO2
and -P=S groups of parathion to create binding sites for sensitive and selective detection. The
sensor showed a detection range of 0.05-150nM with a low LoD of 0.02nM and showed high
selectivity in vegetable samples toward the parathion target. In another example of pesticide
detection using MIPs, electrochemical MIP sensors were utilized for Glyphosate (Gly) detection
associated with cancer in the human body. Zhang et al. constructed a MICP sensor using pyrrole
as a functional monomer on an Au electrode. After electropolymerization of Gly-imprinted Ppy,
the sensor presented good binding kinetics with high selectivity and sensitivity, showing the LoD
value of 1.6nM followed by the template extraction. Electrochemical detection was performed
using only the conductive functional monomer without the need to form a composite for electrical
conductivity by utilizing MICP. The highest sensitivity for detecting Gly in water samples was
achieved by constructing an electrochemical sensor with poly aminothiophenol (PATP)-MOF
films on gold surfaces using p-amino thiophenol as a functional monomer. Here, hydrogen bonds
between O and N groups of Gly and N moieties in PATP create binding sites, and MIP-MOF film
acts as an electron donor by incorporation of PANI to obtain conductivity. This sensor achieved a
low LoD of 5fM, and the real sample validation was conducted using tap water. [131] Atrazine

(ATR) detection was performed using a 3-acetic acid thiophene functional monomer to utilize
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MICP for detecting pesticides in water. The conjugated MICP ATR-imprinted PEDOT was
developed to create binding sites by hydrogen bonds for sensitive detection of ATR. [132] MICP-
based electrochemical sensors were constructed using electropolymerization to distribute binding
sites uniformly. The obtained MICP showed high specificity toward ATR target molecules with
a LoD value of 1 nM. Yola et al. developed a MINP-based ATR sensor by incorporating PtNPs
and C3Na4 to enhance the sensitivity and using ATR-imprinted phenol as a functional monomer on
the GCE surface, as shown in Figure 1-8(b). [133] The hydroxyl group of phenol on the
PtNPs/C3N4 enhanced the affinity to the ATR target by forming hydrogen bond interactions. The
developed phenol-based MINP sensor showed a linear detection range of 1 pM to 0.1nM with
a lower LoD of 0.15 pM compared to MICP and demonstrated good selectivity when applied to
wastewater samples. Paraquat is among the most widely used herbicides globally owing to its low
cost and ease of use. MIP-based electrochemical sensors to detect paraquat were studied due to the
toxicity of paraquat.[134-137] One notable study utilized conducting polymer Pyrrole (Py) as the
functional monomer for paraquat recognition in dam water due to its favorable properties in
aqueous media. [137] MICP was electropolymerized onto a PGE electrode in the presence of
a paraquat target. An anionic doping agent, Eriochrome blue-black B (EBB), was added to
maintain electroneutrality during Py reduction to preserve its electroactivity. The developed MICP
sensor demonstrated good sensitivity and selectivity, showing a LoD value of 220nM. MINP-
based electrochemical sensor for paraquat detection in water was also developed using MAA as a
functional monomer to create specific binding sites to target molecules. [136] The synthesized
paraquat-imprinted MAA crosslinked with EGDMA was coated on the graphene-screen printed
electrode decorated with pt nanoparticles using AIBN initiators. PtNPs were used to enhance

surface area, biocompatibility, and mass transport. The fabricated PtNPs-MINP showed wide
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linearity ranging from 50nM to 1000uM and a lower LoD value of 20nM compared to the reported
MICP. Additionally, paraquat was detected in vegetable samples to detect toxic herbicides in
vegetables. As shown in the cases, MIPs have been widely used in environmental monitoring.
When MINPs and MICPs for the same targets are compared, MICPs have the advantage of inherent
conductivity to be utilized directly as electrochemical sensors without the need to form composites.
On the other hand, MINPs require the formation of composites with electrically conductive
materials to achieve conductivity for electrochemical sensor applications, but they can offer a
greater variety of functional groups to enhance imprinting efficiency with superior sensing

performance.

Table 1-3. Electrochemical sensors using MIP for detecting pesticides in water samples.

Target Functional Electrochemical Samples Detection LoD Ref
monomer techniques range(nM) (nM)
Parathion =~ FUN-PANI DPV Spike 34-18700 11.3 [129]
water
MAA SWV vegetables 0.05-150 0.02 [130]
Glyphosate Py DPV Tap water 30-4700 1.6 [138]
PATP LSV Tap water  5.9*10°-5.9  5*10°  [131]
Atrazine PEDOT Cv - 1-1.5*107 1.0 [132]
Ph SWV Wastewater  0.001-0.1 1.5%10*  [133]
Paraquat Py DPV Dam water  5000-50000 220 [137]
MAA Cv Spike 50-1*10° 20 [136]
water

Clinical diagnosis- For clinical diagnosis applications, MIP-based electrochemical sensors
have been utilized to detect biological target materials. Cortisol, a stress biomarker hormone that
can trigger various diseases, gained attention to be determined by MIP-based electrochemical
sensors. [139-145] Among the developed cortisol sensors, MICPs were mainly developed and

achieved the picomolar level limit of detection. Electrochemical sensors based on cortisol-
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imprinted polypyrrole (py) as functional monomers were synthesized using electropolymerization.
Overoxidation of Ppy was used as an extraction method to remove cortisol templates. Furthermore,
overoxidation can be helpful in creating oxygen-containing functional groups to enhance affinity
to the target molecule. This sensor showed a wide detection range (1pM to 10uM), with a LoD of
IpM. Additionally, the device showed stable and selective detection of cortisol in human saliva
samples. [144] Cortisol detection in human sweat was also demonstrated by integrating MICP into
wearable sensors with paper microfluidics, as shown in Figure 1-9(a). [145] MICP-functionalized
laser-induced graphene (LIG) electrochemical sensor enabled continuous, non-invasive
monitoring of cortisol in sweat. Py was used as a functional monomer, enhancing selectivity and
sensitivity to achieve 1pM LoD for cortisol. The integration of LIG provided a conductive and
flexible substrate and made it suitable for wearable applications. Additionally, the integration of
electrochemical impedance spectroscopy (EIS) with an iontophoresis sweat extraction module
eliminates the need for redox probes or labels typically required by conventional electrochemical
sensors to detect signals from interactions with target molecules and enables real-time monitoring

through a wearable sweat sensor platform.
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Figure 1-9 Applications of electrochemical sensors using (a) MICP using Ppy for cortisol, stress
hormone detection (reproduced from Copyright © 2024, American Chemical Society), and (b)
MICP using o-PD for myoglobin detection. (reproduced from © 2016 Elsevier B.V. All rights
reserved.)
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Cardiac Troponin-1 (cTnl), one of the cardiac troponin complexes causing myocardial
damage, has been detected using MINPs and MICPs. Ppy-based MICP with an additive Boron
Nitride quantum dots for higher surface area reported a high reproducibility by enhancing the
accessibility to cavities and a linear range between 0.418 and 20.9nM with a low LoD value of
0.021nM. The device has demonstrated the detection of ¢Tnl from human blood serum with a high
selectivity. [146] Mokhtari et al. utilized non-conductive methylene blue (MB) as a functional
monomer combined with aptamers for the same cTnl detection to enhance the sensing performance
of the MINP-based electrochemical sensor. [147] cTnl-specific aptamers were attached to ZnO
nanoparticles and immobilized onto the surface of a GCE. When ¢Tnl bound to the aptamers, a
layer of polymethylene blue (PMB) was electropolymerized around the aptamer/target complex.
After the target was removed, a hybrid recognition layer combining MINP and aptamers remained
on the electrode surface. The binding of ¢Tnl to this aptamer/MINP layer reduced electron transfer

from the PMB layer to the electrode surface, causing a detectable sensing signal in DPV. This
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approach achieved a notable improvement in the sensing performance by combining aptamers to
MINP, showing a wide detection range from 0.5pM to 330nM, with a lower LoD of 1.04pM
compared to a MICP-based sensor. Cardiac biomarker Myoglobin (Myo) sensors were developed
using MIPs.[148-152] Notable studies have been conducted utilizing both MICP and MINP. As
shown in Figure 1-9(b), monomers for conducting polymer o-PD were used in MICP-based Myo
electrochemical sensors. Using conducting P(o-PD) for the target imprinting, the direct
electrochemical synthesis and detection of the Myo target were achieved without using additives
and crosslinkers. Therefore, the approach of using conductive P(o-PD) provides cost-effective and
fast detection. [152] The developed sensor showed a detection range of 0.56-100nM with a LoD
value of 0.5nM, which is comparable with the other developed aptamer-based sensors.[153, 154]
MINP using phenol as a functional monomer was utilized for the Myo detection. An extremely
thin Myo-imprinted MIP polymer of 4.4nm was fabricated on AuSPE using electropolymerization.
This developed sensor possessed the highest sensitivity toward the Myo target using MIPs with
LoD of 0.135pM, and detection of Myo in artificial serum was demonstrated, which is about three
order lower detection limit compared to o-PD based sensor.[149] The enhanced affinity of phenol
used in MINP can be due to the formation of a stronger hydrogen bond with the target, potentially
resulting in higher sensing performance. The electrochemical sensors using MIP to detect clinical
diagnosis in biofluids are summarized in Table 1-4.

Table 1-4. Electrochemical sensors using MIP for detecting clinical diagnosis in biofluids.

Target Functional Electrochemical Samples  Detection LoD Ref
monomer techniques range(nM) (nM)

Cortisol Py CVv Saliva 1*103-107 0.001 [144]

Py EIS Sweat 1*¥104-10° 0.001 [145]

cTnl Py DPV Serum 0.418-20.9 0.021 [146]

MB LSV Serum 5*%10-330 0.00104  [147]

Myoglobin o-PD DPV Serum 0.56-100 0.5 [152]

Ph DPV Serum  0.001-1*10° 1.35*%10* [149]
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Food analysis- For food analysis applications, MICPs were applied to detect lactose in
milk samples using Ppy on disposable graphite paper electrodes, as shown in Figure 1-10(a). [155]
The MICP-based electrochemical sensor was designed through electropolymerization of Ppy in
the presence of lactose and achieved high sensitivity, showing a LoD of 0.88nM with selectivity.
The proposed MICP sensor was applied to detect lactose in whole and lactose-free milk samples,
and the precise detection of lactose was achieved compared to the high-performance exchange

chromatography (HPAEC).
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Figure 1-10 Applications electrochemical sensors using (a) MICP using Ppy for Lactose detection
(reproduced from © 2021 Elsevier B.V. All rights reserved.), and (b) MIP using dopamine
functional monomers for Sunset Yellow detection. (reproduced from © 2021 Elsevier B.V. All
rights reserved.)

Histamine, one of the major seafood toxins, was detected using MIP-based electrochemical
sensors.[156-161] Notably, Serrano et al. developed MICP sensors for histamine detection using
aniline as a functional monomer. [160] The MICP was produced in situ within a few seconds using
electropolymerization of aniline. The developed MICP sensor demonstrated high sensitivity,
showing a LoD of 210nM with good selectivity against other competing molecules in the fish
sample. Hassan et al. utilized a MINP-based electrochemical sensor using 2-vinyl pyridine (2-VP)

as a functional monomer for histamine detection. [161] The hydroxyl-modified magnetic particles
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(FesOs@Si02) were co-polymerized to provide active C=C groups with 2-VP functional
monomers. After mixing the magnetic particles with histamine-imprinted 2-VP, EGDMA was
used as a crosslinker with the AIBN initiator. The developed sensor showed a high sensitivity
toward histamine, showing a low LoD value of 0.0144nM with high selectivity in fish samples.
When the MICP and MINP-based sensors for the same target are compared, MICPs offer the
advantage of rapid synthesis with direct immobilization on the transducer surface, simplifying the
fabrication. However, MINP-based sensors require composite formation to accomplish a higher
sensing performance with lower LoD. The MIP-based electrochemical sensor was utilized for food
quality control. Sunset Yellow (SY) is a widely used food colorant for providing a yellow color
and improving the texture of foods added to drinks, fruit juice, and bakery products. However, SY
can cause many health effects, including neurobehavioral parameters, changing monocyte count,
and decreasing the weight of the thymus.[162] The detection of SY was explored using various
MIP-based electrochemical sensors to control food quality.[163-166] Among the developed MIP-
based electrochemical sensors, Kamalabadi et al. prepared MICPs for the electrochemical solid-
phase extraction and determination of sunset yellow in food samples.[166] This MICP sensor
demonstrated a fast response time (15 mins) due to high accessibility to cavities and sensitive
detection, showing a LoD value of 0.34 uM. Yin et al. utilized the MINP-based electrochemical
sensor by modifying GCE with MWCNTs. [164] As shown in Figure 1-10(b), the incorporation
of MWCNTs into GCE further enhanced the coating of polydopamine in the presence of the SY
template. Also, this MIP nanocomposite formed strong interactions between the hydroxyl groups
of SY and the MWCNTs, promoting electron transfer. The developed sensor demonstrated high
sensitivity toward SY targets showing a low LoD value of 1.5nM and selectivity when applied to

test beverage samples. MIP-based sensors have been widely utilized in food analysis, as
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summarized in Table 1-5. A comparison of MINPs and MICPs highlights distinct advantages for
each platform. MICPs can offer the advantages of rapid synthesis and direct immobilization on the
transducer surface, simplifying the overall fabrication process. In contrast, MINPs can demonstrate

a lower LoD sensing performance despite requiring composite formation for conductivity.

Table 1-5. Electrochemical sensors using MIP for food analysis.

Target  Functional Electrochemical Samples  Detection LoD Ref
monomer techniques range(nM) (nM)

Lactose Py DPV Milk 1-10 0.88 [155]

Histamine Ani EIS Fish 500-1000 210 [160]

2-VP Cv Fish 0-1*10° 1.44*102%  [161]

Sunset Py CV, EIS Beverage 1250- 340 [166]

Yellow 3.75*10°
Dopamine CV Beverage 4.5-9100 1.5 [164]

Pharmaceutical analysis- For the pharmaceutical analysis, paracetamol (PCM), also
known as acetaminophen, was detected by MICP-based electrochemical sensors. As shown in
Figure 1-11(a), molecular imprinted conductive PANI was synthesized using a polymeric micelle
as a nanoreactor to enable effective imprinting in an aqueous environment.[167] The conductive
PANI NPs facilitated electron transfer from the imprinting sites to the electrode surface and
enhanced the electrochemical performance of the sensor by providing affinity and a large surface
area from imprinting. This imprinted PANI sensor demonstrated excellent selectivity for PCM,
achieving a low LoD value of 50 nM. Another study on PCM detection was reported using o-PD
as a conductive functional monomer. [168] In this study, poly (p-aminobenzene sulfonic acid)
(pABSA) was electropolymerized as a first layer to provide conductivity and catalytic reaction

with the target, and p(o-PD) was electropolymerized to enhance affinity on the GCE surface. This
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sensor demonstrated a broad linear range of 50nM to 100uM and a low LoD of 43nM, showing
potential for measuring PCM in commercial tablets and urine samples. Py was also used for the
MICP-based electrochemical sensor for detecting PCM. PCM-imprinted Ppy was
electropolymerized in the presence of a supporting electrolyte (LiClO4) onto a pencil graphite
electrode (PGE). The device showed rapid detection with excellent reproducibility of the current
response, showing a LoD value of 0.79uM.[169] In PCM detection using MICP-based
electrochemical sensors, P(0-PD) demonstrated higher reactivity with a lower LoD, possibly due

to its greater number of -NH groups capable of forming binding sites with the target.

8 oo APslayer 38 Eplephrine (D Poly(Thiophene) B PolyiThiopbeneberonic acid)
’ Matrix based MIP Matrix based MIP

Figure 1-11 Applications of electrochemical sensors for pharmaceutical analysis using (a) MICP
using PANI for PCM detection (reproduced from © 2021 Elsevier B.V. All rights reserved.), and
(b) MICP using 3-TBA functional monomers for epinephrine detection. (reproduced from © 2019
Elsevier B.V. All rights reserved.)

Warfarin, a commonly used anticoagulant for preventing and treating venous and arterial
thromboembolism, was detected using MIP-based electrochemical sensors. Rezaei et al. developed
a MICP-based electrochemical sensor for warfarin using o-PD as a conductive functional
monomer, electropolymerized onto GCE. To enhance sensitivity and electron transfer,
functionalized MWCNTs with carboxylic groups were added to GCE. The resulting sensor

demonstrated rapid binding kinetics, high selectivity for warfarin in human serum, and good
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sensitivity, showing a LoD value of 0.078 nM.[170] Another approach using MINP for warfarin
detection was introduced using resorcin as a functional monomer. [171] The developed sensor
demonstrated a higher sensitivity with an approximately one-order reduced LoD value of 0.008
nM, showing selective detection of warfarin in rabbit serum. This enhanced reactivity can be
attributed to two hydroxyl groups in resorcin that can provide multiple hydrogen bonding sites and
stronger polar interactions with warfarin compared to amine groups in 0-PD. Morphine (MO) is a
narcotic pain drug and is widely used to alleviate severe pain. However, when MO is abused or
overdosed, it can be toxic, affecting immune functions. Therefore, MIP-based electrochemical
sensors were utilized for detecting MO. Yeh et al. developed MICP-based electrochemical sensors
using ethylene dioxythiophene (EDOT) as functional monomers for MO detection. PEDOT acted
as the catalyst to oxidize MO for imprinting and was deposited onto an ITO electrode for MO
sensing. After the removal of the MO template, the MICP sensor showed high sensitivity to MO
with a LoD value of 0.2mM. [172] By utilizing MICP, the developed sensor shows potential for
portable MO detection by simplified fabrication process. Rezaei et al. developed a MINP-based
electrochemical sensor for MO detection using a pencil graphite electrode (PGE) modified with
MWCNTs, MINPs, and AuNPs. [173] Stepwise modification of MWCNTs and MO-imprinted
MINP film was applied followed by AuNPs decoration on PGE. This developed sensor
demonstrated an enhanced sensitivity, showing a lower LoD value of 2.9nM in human urine and
plasma samples with selective and accurate detection of MO targets. MIPs were utilized to detect
Epinephrine (EP), an essential neurotransmitter derivative in the nervous system.[174-180]
Notably, Liu et al. developed MICP-based electrochemical sensors using 3-thiophene boronic acid
(3-TBA) as a conductive functional monomer and AuNPs to enhance sensitivity by increasing the

surface area, as shown in Figure 1-11(b).[177] The developed sensor demonstrated high
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recognition ability due to the reversible covalent interaction between boronic acid of 3-TBA and
cis-diol of EP with a broad range from 0.9nM to 0.1mM with a LoD value of 76nM. MINP-based
sensors were also developed using methacrylic acid (MAA) as a functional monomer for EP
detection.[180] Magnetized graphene Oxide was decorated with AuNPs, then copolymerization
using MAA as functional monomer and methylene-bis-acrylamide (MBA) as crosslinker was
conducted in the presence of template EP. This developed sensor demonstrated higher sensitivity
toward the EP target, showing a lower LoD value of 5nM compared to the MICP-based sensor.[180]
The greater reactivity is possibly attributed to the functional monomer MAA, which possesses
both hydrogen bond donor and acceptor groups to form stronger hydrogen bonds with EP for
higher imprinting efficiency. The MIP-based electrochemical sensors for drug detection are

summarized in Table 1-6.

Table 1-6. Electrochemical sensors using MIP for drug detection.

Target Functional Electrochemic Samples Detection LoD Ref
monomer al techniques range (nM)
Paracetamol Ani DPV PCM 0.4-1000 uM 50 [167]
samples
o-PD DPV Tablets 0.05-100 uM 43 [168]
Py DPV Tablets 1.25-4.5mM 790 [169]
Warfarin o-PD SWV Human 0.031- 0.078 [170]
serum 0.616ng/ml
Resorcin DPV/CV Rabbit 0.02-4 nM 0.008  [171]
serum
Morphine PEDOT amperometric - 0.1-5 mM 2%10°  [172]
MTMOS Cv Urine, 0.008-5 uM 2.9 [173]
Blood
Epinephrine 3-TBA DPV - 0.9nM- 76 [177]
0.1lmM
MAA DPV/CV Urine 10-500nM 5 [180]
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Chapter 2

Aims & Objectives

Throughout my Ph.D. research, I have dedicated my efforts to gaining a fundamental
understanding of molecularly imprinted polymer-based electrochemical sensors. As I discussed in
the final section of Chapter 1, one of the main challenges in molecularly imprinted polymer-based
electrochemical sensors is their intrinsic electrical conductivity. Since MIPs are typically non-
conductive, conductive materials like multi-walled carbon nanotubes (MWCNTSs) are often added
to improve conductivity to make MIPs suitable for electrochemical sensing platforms. Also,
conductive nanomaterials such as graphene and conducting polymers have been used to enhance
polymer conductivity during polymerization. A promising solution to the conductivity issue is
using monomers that form molecularly imprinted conductive polymers, which can solve the
problem of low conductivity in traditional MIPs. However, the combination of conducting
polymers and MIPs can affect the binding efficiency, resulting in decreased affinity. Therefore,
my research focused on enhancing the electrical conductivity by using conducting polymers, and
simultaneously studied the binding site formation between functional monomers and target
analytes using various analytes and sensing techniques. According to the motivation, I conducted

three specific research tasks to accomplish the main objectives of this dissertation during my Ph.D.

e Task 1: Fruit arrays detection with molecularly imprinted polymer (MIP)-based
Polyaniline chemiresistive gas sensors. This work introduces the concept of a molecularly
imprinted gas sensor to monitor the condition of naturally ripened strawberries. Furaneol,

2,5-Dimethyl-4-hydroxy-3(2H)-furanone is considered as an important biomarker related
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to the strawberry flavor. Identification of furaneol concentration is still a challenge because
of its weak adsorption, nonpolar, and unreactive properties. Therefore, no study has been
reported yet to measure furaneol gases via a simple chemiresistive mechanism. Herein, we
demonstrate the sensor based on molecularly imprinted polymer (MIP)-based polyaniline
(PANI). The sensitive and selective detection of furaneol gas with a MIP-PANI gas sensor
was observed at room temperature and different humidity conditions. The comparison
between MIP and the non-imprinted (NIP)-based PANI shows a strong interaction between
furaneol and the molecularly imprinted polymer. The furaneol gas sensing mechanism is
explained based on the interaction between the gas molecules and the charge carriers of
MIP-PANI, which results in the functional group change in the carboxylic group.
Furthermore, the developed MIP-chemiresistive sensor for real strawberries was compared
with a commercial e-nose system. The results show the potential to offer a rapid and cost-
effective platform for specific recognition of furaneol.: The synthesis conditions of Nb.CTx
MXenes influence their morphology, stability, and electrochemical performance. Different
synthesis methods can be utilized to tailor their electrochemical properties for

supercapacitor applications.

Task 2: Strawberry flavor biomarker (furaneol) detection in a liquid system by directly
imprinting furaneol on conducting polymer polyaniline. This study introduces an approach
utilizing a molecularly imprinted electrochemical sensor for monitoring the condition of
naturally ripened strawberries. Furaneol, known as 2,5-dimethyl-4-hydrodxy-3(2H)-
furanone, serves as a crucial biomarker associated with strawberry flavor. However,

accurately detecting furaneol concentration has posed a challenge due to its nonpolar,
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unreactive nature and decomposition using High-performance liquid chromatography
(HPLC) and Gas chromatography coupled with mass spectrometry (GC-MS), leading to
inaccuracies in detection methods. To address this issue, we developed a furaneol-
imprinted molecularly imprinted polymer (MIP)-based electrochemical sensor. Our
findings demonstrate the specific binding site formation using copolymerization of
poly(methacrylic acid) (PMAA) as sensing material and polyaniline (PANI) as the redox-
active matrix to achieve sensitive and selective detection of furaneol using the furaneol-
imprinted PANI (Fur-PANI) sensor. A comparison between MIP and non-imprinted
polymer (NIP)-based sensors highlights a robust interaction between furaneol and the MIP,
showing an enhanced detection signal of more than twice. We elucidate the mechanism for
electrochemical detection of protonated furaneol molecules based on charge carrier transfer
through the oxidation mechanism of PANI-based sensors corresponding to the change of
current density. Additionally, we investigate the long-term stability of the Fur-PANI sensor
over a month, highlighting its potential to serve as a cost-effective, rapid, and durable

sensor platform for specific furaneol recognition.

Task 3: Molecularly imprinted conducting polymers for stress biomarker cortisol
quantification. Psychological stress is linked to various health conditions, such as
autoimmune disorders, cardiovascular diseases, and mental illnesses, often mediated by
elevated levels of cortisol, a stress-associated glucocorticoid hormone. High chronic
cortisol levels are implicated in diseases like Cushing syndrome and Addison's disease,
highlighting the importance of measuring cortisol for stress management and clinical

diagnosis. Existing detection methods, such as electrochemical immunosensors and
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enzyme-linked immunosorbent assays (ELISA), encounter limitations related to cost,
stability, and scalability. To address these issues, we developed an electrochemical sensor
using molecularly imprinted polymers (MIPs) for sensitive and selective cortisol detection.
Utilizing functional monomer-target interactions without additional additives will also be
a cost-effective approach. Two conducting polymers, aniline and ortho-phenylenediamine
(oPD), were used and evaluated for their ability to form selective binding sites through
electropolymerization. The resulting molecularly imprinted conducting polymer (MICP)-
based sensors demonstrated a limit of detection (LoD) of 5.8 pM, which is more than three
orders lower than the typical cortisol concentration in human fluid. The sensor's selectivity
was confirmed in human fluids, and its practicality was validated through saliva testing,
with results comparable to ELISA-based sensors. These findings suggest that MIP-based
sensors offer a stable, cost-effective alternative for cortisol detection, with potential

applications in both clinical and high-stress environments.
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Chapter 3
Molecularly Imprinted Chemiresistive Sensor for Specific Recognition of Furaneol as a

Biomarker of Strawberry Flavor Conditions

3.1 Introduction

A wide range of volatile organic compounds (VOCs) produced by fruits is essential for fruit
flavor and influences the perception and acceptability of fruits by consumers. Strawberry furaneol
is found to be a major contributor to impact consumer acceptance among over 360 volatile
compounds. [181] Furaneol (2,5-Dimethyl-4-hydroxy-3(2H)-furanone) affects perceived
strawberry aroma intensity. It has an enhancing effect on perceived sweetness independent of
sugars. [182] Furthermore, the intensity of strawberry aroma has been found to vary with the
degree of the freshness of the fruit. Although the relations between furaneol composition and
maturity or freshness conditions become evident, the analysis methods to quantify these volatile
organic compounds rely on time-consuming and expensive techniques such as gas chromatography
(GC) [183-186] and high-performance liquid chromatography (HPLC). [187] Furthermore, these
methods demand high-cost, skilled operators, and most importantly, not applicable for real-time
monitoring of agriculture product quality during growth or postharvest shelf life. Therefore, a real-
time gas sensor for fast, cheap, stable, sensitive detection of furaneol can benefit farmers and
consumers by determining strawberry quality.

Among the various types of gas sensors, chemiresistive gas sensors can be the most attractive
due to the miniaturization, simple operation, ease of fabrication, and low production cost. [188,
189] For chemiresistive gas sensors, conducting polymers like polypyrrole [190], polythiophene

[191], and polyaniline (PANI) are getting great attention and are heavily being studied due to their
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extraordinary mechanical and electrical properties which enable them to show a great performance
in room temperature. [60] Also, the easy integration of conducting polymers to molecularly
imprinted polymers with strong bonding makes conducting polymers great candidates. Especially,
PANI got great attention because of its environmental stability, simple synthesis, and ease of
tailoring the surface charge characteristics by changing the dopants. For example, PANI sensors
were reported to show better selective detection of hydrogen sulfide [192] and ammonia. [193,
194] However, it is still a critical issue that PANI-based gas sensors are reactive to numerous gases,
which limits the selective detection of target gas molecules. [ 195] It is hard to distinguish the target
gas molecule from different gas molecules. Therefore, many compounds in strawberries may
restrict the use of the PANI based-sensors. [196] Here, molecular imprinting technology which
can create molecularly imprinted polymers (MIPs) obtaining specific binding sites for target
molecules is introduced. MIPs, which are also called plastic antibodies, provide affinity to desired
binding gas molecules comparable to biological antibodies. [74, 197] The provided affinity
induces selective detection and enhanced response to target gas molecules. [198] A few numbers
of publications regarding the application of the MIP technique on PANI are reported for the
determination of flucarbazone [199], 1,3-dinitrobenzene [200], azithromycin [201], trinitrotoluene
[202], lomefloxacin [203], benzophenone-4 [204], adrenaline [205], and antibiotics [206].
However, the reported MIP-PANISs are limited to electrochemical sensors which can only measure
the liquid state molecules. The advantages including ease of fabrication, the use of a small quantity
of sensing materials, and a simple sensing process will enable the application of MIPs to
chemiresistive gas sensor platform for commercialization opportunities. [207] To utilize MIPs on

the chemiresistive gas sensor for real-time detection, the high electrical conductive property of
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PANI has to be retained and strong bonding between PANI and molecularly imprinted polymer
should be achieved.

In this study, a resistive gas sensor based molecularly imprinted polymer-based polyaniline
is investigated for the sensitive and selective detection of furaneol gas molecules. Herein, we
developed a unique method to synthesize molecularly imprinted polymer and polyaniline
nanocomposites with an interfacial polymerization technique. With the density difference between
PANI and polymethacrylic acid (PMAA), a coating behavior of PMAA on the PANI surface was
achieved with strong adhesion retaining the electrical conductivity. After the furaneol template is
constructed, MIP-PANI presented a high affinity to furaneol target molecules and showed a high
sensing response. Their response signals are enhanced approximately forty times compared to the
pure PANI. Furthermore, selective identification of furaneol was demonstrated over different

VOC:s in fruit components.

3.2 Experiment method

3.2.1 Materials and Chemicals

4-Hydroxy-2,5-dimethyl-3(2H)-furanone (furaneol 98%, FCC, FG), methacrylic acid
(99%), ethylene glycol dimethacrylate (EGDMA), Benzoyl Peroxide (75% remainder water) were
purchased from Sigma-Aldrich (Germany). Ammonium peroxydisulfate (98%) was purchased

from Alfa Aesar (United States).

3.2.2 Molecularly Imprinted Polymer (MIP)-based polyaniline (PANI) Synthesis.

For the oxidization and polymerization of polyaniline, 0.4 mL aniline monomer and 0.46

g Ammonium persulfate in 240 mL 1 M HCI was stirred at room temperature for 1 hour. The
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transparent aniline solution became opaque with greenish color in the process of polymerization.
The copolymer synthesis process was followed by adding 0.85 mL (2 mM) Methacrylic acid as a
monomer, 640 mg (1 mM) furaneol as a template, 2.75 mL (3.5 mM) Ethylene glycol
dimethacrylate (EGDMA) as a cross-linker, and 10 mg Benzoyl Peroxide as an initiator. The
polymerization process was performed in a round-bottomed flask at 65 °C for 3 hours, then kept
isolated for cooling. After the deposition of the copolymer solution, the extraction process of the
furaneol template was conducted for 1 hour with ethyl alcohol to form MIP-PANI. Ethyl alcohol
was chosen as a solvent because it can only dissolve furaneol without affecting PANI and PMAA.
For a comparative study, non-imprinted polymer-based polyaniline (NIP-PANI) was synthesized

without a furaneol template in the same synthesis of the MIP-PANI process.

3.2.3 Gas sensing device fabrication

For the fabrication of MIP-PANI, as a gas-sensing device, Si/SiO, films were prepared as the
substrate. For the cleaning process, the films were immersed in DI water and dried with an air gun. After
the cleaning process, a shadow mask was taped to pattern the interdigitated electrode with a 400 pm gap.
The prepared substrate was placed in the magnetron-sputter chamber (Discovery 18, Denton Vacuum) and
platinum (Lasker, 99.9%) was sputtered on the substrate with direct current under Ar condition to obtain a
100 nm thickness film. A gas sensor device based on MIP-PANI was fabricated using a simple drop-casting

method depositing 10 pL of prepared solution.

3.2.4 Material Characterization and Gas sensing

Scanning electron microscope (JEOL JSM-700F) was used to study the surface
morphology of MIP-PANI thin film. Fourier transform infrared spectroscopy (Nicolet 6700 FT-

IR spectrometer) was used to investigate the surface chemical bonding of MIP-PANI. A Kethley
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2400 source meter was used to measure the resistance of the sample when the target gas was
injected into a test chamber and reacted with the sensor platform. Two conductive pads on the
interdigitated electrode were used to extract the signal, and the data acquisition was controlled
with a customized Labview program. Furaneol gas was injected by bubbling pure furaneol solvent
prepared by melting furaneol powder at 80 °C in an isolated water bath. The rate of nitrogen flow
to the gas chamber was used to adjust furaneol concentrations calculated based on the measured
mass change of furaneol solvent. The experiments were conducted at least three times with three
sensors at room temperature. For the studies of the humidity effect, humidity in the gas chamber
was precisely controlled using the drying tube (VWR, USA), desiccant-anhydrous drierite
(Hammond drierite company, USA), and traceable humidity alarm (VWR, USA) before loading

MIP-PANI gas sensors into the chamber for the experiment.

3.2.5 Odor analysis with commercial Heracles NEO E-nose

The odor analysis of strawberries was conducted with a Heracles NEO e-nose (Alpha
M.O.S., Toulouse, France) to validate the responses of MIP-PANI by comparing the signals from
reference furaneol solutions and real samples of Driscoll's strawberries. Furaneol reference signals
or plots were obtained using various furaneol solutions with different concentrations. The serial
dilution from 250 mg/mL concentration (furaneol/distilled water) was conducted to prepare 200,
150, 100, 40, 20, 10, 5, 2.5, 1.25, 0.625, and 0.3125 mg/mL reference furaneol solutions. Then,
the furaneol solutions (2 mL) were pipetted in a 20 mL vial and analyzed in the e-nose at 50 °C
and the relative humidity (RH) of 40%. The furaneol peaks and areas in the e-nose signals
measured at various reference furaneol concentrations were compared to estimate the furaneol

concentrations from blended strawberries.
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3.3 Results and Discussion
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Figure 3-1 Schematic diagram of MIP-PANI synthesis.

The schematic diagram of the synthesis of MIP-PANI is summarized in Figure 3-1. Aniline
monomer was oxidized and polymerized in 1M HCI with the oxidizer ammonium persulfate.
Methacrylic acid was then polymerized with furaneol and PANI, forming the furaneol-
polymethacrylic acid (PMAA)-Polyaniline (PANI) copolymer dispersion. Ethylene glycol
dimethacrlyate was added as a crosslinker, and benzoyl peroxide was used as an initiator for
preparing the copolymer dispersion. PMAA was strongly bonded on the PANI surface retaining
the high electrical conductivity. Owing to the lower density of PMAA formation, it was
successfully coated on the PANI surface. A simple drop-casting method was used for the
deposition of the dispersion, and furaneol was selectively extracted leaving the molecular cavity.

The morphology of the PANI, NIP-PANI, and MIP-PANI was observed with the scanning
electron microscope (SEM). Figure 3-2a shows the pure PANI coated on the Si/SiO2 film with

interdigitated Pt electrode. A continuous fibrous morphology of porous PANI structures was
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observed. These characteristics of morphology well support the formation of PANI, and porous
structure provides a high surface-to-volume ratio that can effectively absorb a large number of gas
molecules. [208] NIP-PANI, which is PMAA crosslinked to the PANI without furaneol template,

is shown in Figure 3-2b. The SEM image shows that PMAA is copolymerized well with PANI.

Figure 3-2 SEM images of (a) pure PANI, (b) NIP-PANI, and (c) MIP-PANI
Figure 3-2c shows the morphology of MIP-PANI. It is observed that PMAA is well crosslinked to

the PANI showing a similar morphology with that of NIP-PANI. Chemiresistive gas sensing is
mainly determined by the surface reaction between the functional group of the material surface
and target gases. FTIR analysis was conducted to investigate the surface conditions regarding
functional groups of PANI, NIP-PANI, and MIP-PANI. For the FTIR analysis, attenuated total
reflectance (ATR) mode was used at room temperature and RH 40% condition from 400 cm™ to
4000 cm™! using 24 scans at a resolution of 4 cm. All samples were drop coated onto the Si/SiOa.
Figure 3-3 shows the FTIR spectra of three synthesized materials. The solid black line indicates
the transmittance before the furaneol molecule detection and the red line after the furaneol
detection. Figure 3-3a shows the FTIR results of PANI before and after the detection of the
furaneol gas molecule. The main characteristic dips at 1590 cm™ and 1447 cm! indicate the C=C
quinoid ring vibration and C=C benzenoid ring vibration of the cyclic structure of PANI. For the

amine functional group, NH" stretching vibration appeared at 1017 cm™. In agreement with the
group g pp g
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reported FTIR spectra of PANI, it is shown that aniline is well polymerized and oxidized. [209,
210] On the exposure to the furaneol gas molecule, functional groups of PANI remain unchanged.
The result validates that the chemisorption of furaneol molecules did not occur in PANI. NIP-
PANI and MIP-PANI show the functional groups of poly(methacrylic acid-co-ethylene glycol
dimethacrylate) as shown in Figure 3-3b and 3-3c. In the spectrum of NIP-PANI, the hydroxyl
group and C=O0 stretching of the carboxyl group appear as a broad peak between 2800 cm™ and
3200 cm™!. In addition, symmetric stretching of carboxylate anion is indicated at 1400 cm™ and C-
O stretching peaks are found at 1016 cm™. For MIP-PANI, the hydroxyl group and C=0 stretching
of the carboxylic group appear as a broad peak between 2800 cm™ and 3200 cm™. The symmetric
stretching of the carboxylate anion appears at 1398 cm™ and the C-O stretching peak is indicated
at 1054 cm'.[211, 212] From the FTIR results of NIP-PANI, the peaks were unchanged after the
exposure to sufficient furaneol gas molecules. On the other hand, the peaks of O-H bonding of
MIP-PANI became very weak, which would support the reaction between O-H group and furaneol
molecules. Furthermore, the intensity of other peaks corresponding to the COOH group in MIP-
PANI becomes very weak after exposure to furaneol. Considering intensity change of NIP-PANI
and MIP-PANI, the MIP-PANI chemisorbed the furaneol molecules because of the presence of a
molecularly imprinted polymer.

For the measurement of gas sensing properties, furaneol was liquidized at 80 °C in a water
bath and bubbled by nitrogen flow for its injection into the detection chamber. The gas chamber
was kept isolated and the experiment was conducted at room temperature and RH 40% condition.
The furaneol gas was exposed to gas sensors until the sensors showed the saturated responses
without the resistance change. The concentration of furaneol gas was modified by changing the

gas flow speed of nitrogen and measured by the mass change of pure furaneol. The gas responses
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Figure 3-3 FTIR spectrum of (a) pure PANI, (b) NIP-PANI, and (c) MIP-PANI before (black) and
after (red) the exposure to 100 ppm furaneol gas molecules.

are calculated with the resistance of the gas sensor in the air (Ro) and in resistance change on the
exposure to the target gas (AR) with equation (1) below.
Gas response = AR/Ro (1)

Gas sensing properties of PANI, NIP-PANI, and MIP-PANI under 100 ppm (254.8mg/mL)
furaneol are summarized in Figure 3-4a. PANI and PANI copolymers show a p-type sensing
behavior to the furaneol gas molecules which are thought to be the oxidizing gas, so the resistance
decreased on the exposure to the furaneol gas molecules. Meanwhile, there was a difference in the
response rate that MIP-PANI showed 0.4032, NIP-PANI showed 0.002, and pure PANI showed
0.01 when calculated with the equation (1). The adsorption/desorption process of furaneol
molecules leads to a change in the electrical conductivity of the fabricated device. Physisorption
of gas molecules induces a small resistance change because of its weak intermolecular force.
However, the chemisorption of gas molecules also can be caused by the chemical replacement of
functional groups by the gas molecules, and it induces a charge carrier transfer between the sensing
material and the target gas, thus leading to a large resistance change of the MIP-PANI. [213] We
believe that the sensing mechanism of two PMAA-co-PANI sensors (NIP and MIP-PANI)

involves chemical adsorption of the furaneol gas molecules by both functional groups and defects,
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but the different amounts of gas molecules are adsorbed and reacted with the presence of the
furaneol template. Some of the sensing species will be bonded to the structural defects of the
copolymer, and some will interact with the functional groups on the surface of the sensing
materials resulting in high electrical signal change. As shown in the FTIR results, the high affinity
to furaneol generated with furaneol templating induces a high response with the functional group
change. The gas sensing mechanism of the chemical species of the PMAA-co-PANI surface would
react with the furaneol by the following equations for the sensing materials (2) and target
molecules (3). The dominating surface functional groups are believed to be carboxylic groups of
the PMAA crosslinked on the PANI

COOH + 0* — CO2 + H20 + 2¢7 (2)

CsHgO2 + 2H" — CsHs(OH)2 (3)
Furaneol gas molecules can be adsorbed on the surface of the PMAA-co-PANI sensor, and react
with the carboxylic functional groups, especially with the MIP-PANI. Therefore, the charge
transfer between the surface functional group of MIP-PANI and the analyte leads to an increase in

electrical conductivity and a decrease in resistance.
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Figure 3-4 Gas sensing properties to 100 ppm furaneol (a) comparison with pure PANI (blue), NIP-
PANI (black), and MIP-PANI (red), (b) dynamic gas sensing result of NIP-PANI, and (¢) dynamic
gas sensing properties of MIP.
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Figure 3-4b and 3-4c show the dynamic gas sensing behavior of NIP-PANI and MIP-PANI to
100 ppm furaneol vapor. The initial resistances of pure PANI, NIP-PANI and MIP-PANI were
430 Q, 975 Q and 4.2 KQ respectively. Such a higher initial resistance of MIP-PANI and NIP-
PANI is due to the PMMA copolymerization. [214] Additionally, the copolymerization with
furaneol molecules leads to higher initial resistance of MIP-PANI than NIP-PANI because of the
formation of the furaneol cavity generated by furaneol extraction. In the presence of the furaneol
molecules before the extraction, the initial resistance of Furaneol-PMAA-PANI was 10 KQ, and
after the furaneol extraction the initial resistance decreased to 4.2 KQ, and this can be the signal
of successful extraction is conducted. As shown in Figure 3-4b, NIP-PANI showed low response
without the furaneol cavity, however, MIP-PANI showed a high response showing 0.4032 in gas
response (Figure 3-4c). Meanwhile, the slow recovery after the furaneol gas out was observed with

MIP-PANI. The slow recovery is reported to be one issue in molecularly imprinted polymer-based
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Figure 3-5 (a) Gas sensing properties of MIP-PANI to different concentrations of furaneol (a) real-
time gas response and (b) responses of MIP-PANI (0-100 ppm).

sensors due to their strong binding to target molecules. [215] The detachment process of the
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binding molecules from sensing materials maintaining their chemical and mechanical stability
needs more studies. [216]

The gas sensing properties of MIP-PANI sensors to furaneol gas measured at room temperature
and RH 40% condition are shown in Figure 3-5a. MIP-PANI sensors were exposed to the different
concentrations of furaneol for 10 min until sensors showed the saturated response. The resistance
changes to furaneol gases increased with the increasing concentrations. The experiments are
conducted at least three times with three sensors at room temperature. For 5 ppm (12.7 mg/mL),
20 ppm (50.1 mg/mL), 55 ppm (140 mg/mL), 80 ppm (204 mg/mL), and 100 ppm (254.8 mg/mL)
furaneol gases, MIP-PANI showed 0.032 + 0.000982, 0.0926 + 0.00196, 0.2557 +£0.0122, 0.3183
+0.00768, and 0.4384 + 0.01 responses, respectively. The concentration of furaneol gas molecules
influences to increase the electrical signal change driven by oxidation of MIP-PANI. Figure 5b
shows the calibration curve and regression equation of MIP-PANI toward different concentrations
of furaneol gas molecules. The measured responses of furaneol with MIP-PANI were assumed to
be in the linear range. The limit of detection (LOD), which is the lowest concentration of target
gas that can be detected from the common atmosphere, was theoretically calculated to be 141.5
ppb (0.14 mg/mL). [217] The ability to detect a low concentration enables the real application for
identifying a small amount of furaneol in strawberries whose concentration is reported to be about
30 mg/mL. [218] Table 3-1 shows the sensors reported for the detection of furaneol. Komarova et
al. detected furaneol using ssDNA aptamer with a field effect transistor, and Douaki et al. reported
CNT modified electrochemical aptasensor for the detection of furaneol. Additionally, Ghatak et al.
developed MIP-based Quartz crystal microbalance sensor for the detection of furaneol. Among the
developed sensors, there were no reported sensors for the detection of gas phase furaneol with

chemiresistive sensors. MIP-based sensors also have economic benefits by storing them at room

67



temperature and humidity due to their stability and production in large batches, unlike the
biorecognition elements.

Table 3-1. Developed sensors for furaneol detection.

Sensor Recognition element Detection LOD Reference
range
Field-effect Aptamers 0.1-10 pM 0.1 uM [219]
transistor
Quartz crystal Molecularly imprinted polymer 780.46-7804.57 9.6 uM [220]
microbalance M
Square wave Aptamers 1fM -35 uM 0.557 tM [221]
voltammetry
Chemi- Molecularly imprinted polymer 5-100 ppm 141.5 ppb This work
resistive

Se€nsor

The effect of humidity is one of the significant parameters for gas sensors. Especially for
the strawberry condition monitoring, the humidity conditions vary in the field, so the effect of
humidity is studied with MIP-PANI. For the study of the humidity effects of MIP-PANI gas
sensors, furaneol gas detection was conducted in different relative humidity conditions. Figure 3-
6 shows the real time furaneol gas sensing properties of MIP-PANI gas sensor in different humidity

conditions. The conditions were RH 20%, RH 40%, and RH 60%.
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Figure 3-6 Responses of MIP-PANI to the furaneol gas in different humidity conditions.
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Figure 3-7. Selectivity validation of MIP-PANI gas sensor (the concentration of all gases is 100
ppm).

Since the enhanced effect of gas sensing properties is due to the furaneol template, MIP-
PANI is expected to show a high response only to furaneol. To determine the selectivity of the
MIP-PANI gas sensor, different vapors including 3-carene, benzene, limonene, and terpinene
which have similar molecular weight and chemical properties, are detected with an optimized gas
sensor. The results of selectivity validation are shown in Figure 3-7. The MIP-PANI sensor showed
responses of 4.31 + 0.12%, to 3-carene, 2.74 + 0.15% to benzene, 2.01 + 0.11 to limonene, and
0.92 + 0.02 to terpinene. However, it exhibited a significantly higher response to furaneol vapor
(43.84%), indicating its high selectivity to furaneol vapor. For other vapors, the responses were
lower than 5%, 3-Carene vapor shows 4.31% which was the highest except for furaneol, and
terpinene shows the lowest response of 0.92%. MIP-PANI gas sensors showed responses higher
than ten times compared to the responses of other VOCs. Therefore, the developed MIP-PANI
sensor obtains selectivity against interferences of other VOCs in fruits.

The applicability of furaneol-templated MIP-PANI was investigated with real strawberry
samples through the following studies. Figure 3-8a shows the real-time gas response of the

furaneol templated MIP-PANI to Driscoll's strawberries at room temperature and room humidity.
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Figure 3-8 Driscoll's strawberry detection with (a) MIP-PANI and (b) commercial e-nose system
(regression curve of peak area of furaneol detection and the intensity peak area results of furaneol
furaneol detection).

The concentration of strawberry gas was converted by calculating the mass lose after bubbling the
blended strawberry, and it was 390 ppm. When the response of MIP-PANI towards strawberry gas
was calculated with equation (1), the response was 0.081, which corresponds to 17.54 ppm based
on the calculation with the regression equation of MIP-PANI gas sensor towards furaneol. The
amount of furaneol present in Driscoll’s strawberries could be converted to be 44.69 mg/mL. A
commercial e-nose system is applied to validate the responses of MIP-PANI by comparing the
amount of furaneol in the same Driscoll’s strawberries. As shown in Figure 3-8b, the peak area of
Driscoll's strawberries was measured, which results in 42.47 mg of furaneol present in the
strawberry sample. The error range from three experiments shows 42.47 + 0.09 mg/mL. The
determined furaneol concentrations by the MIP-PANI gas sensors and E-nose system give a
deviation of 2.2 mg/mL, corresponding to less than a 5% difference in sensing response. Therefore,
the developed MIP-PANI gas sensor has shown the ability to detect furaneol selectively in real

strawberries.
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3.4 Conclusion

In this study, we have demonstrated furaneol templated MIP-PANI gas sensors with high
sensitivity toward furaneol gas molecules at room temperature and the capability to detect furaneol
in real strawberries. The synthesized furaneol molecule crosslinked PMAA-co-PANI solutions
were deposited on Pt electroded film with a simple drop-casting method to form a selectively
extracted template. The surface chemistry was investigated before and after the absorbance of
furaneol. The MIP-PANI gas sensor was found to have an ultrahigh affinity to furaneol compared
to NIP-PANI due to the presence of imprinted furaneol cavity in the polymer matrix. Furthermore,
the sensing mechanism of the sensor was proposed in terms of the charge carrier transfer through
the interaction between the surface of the sensing material and sensing gas molecules. This newly
developed MIP-PANI gas sensor will open a new generation of fruit condition monitoring for
miniaturized electronics, offering stable performance even at low storage temperatures with

comparable performance to other chemiresistive gas sensors.
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Chapter 4
Development of Molecularly Imprinted Polymer (MIP) Electrochemical Sensor for

Strawberry Sweetness Biomarker Detection

4.1 Introduction

The presence of a diverse array of volatile organic compounds (VOCs) in fruits significantly
contributes to their flavor, impacting how consumers perceive and accept them. Furaneol, also
known as 2,5-Dimethyl-4-hydroxy-3(2H)-furanone, stands out as a significant aroma compound
found in various fruits, including pineapple, strawberry, raspberry, mango, tomato, and numerous
other food sources. [181] Recognized for its distinctive sensory qualities, furaneol is characterized
by descriptors such as burnt pineapple, caramel-like sweet, floral, and strawberry-like aromas,
owing to its remarkably low organoleptic threshold. [222] Owing to the widespread presence of
furaneol in nature and its extensive use in the food industry, there has been considerable interest
in developing reliable methods for its analysis. [223], [224] High-performance liquid
chromatography (HPLC) with ultraviolet (UV) or photodiode array detection is commonly
employed for furaneol analysis. [225] [187] However, achieving complete separation of furaneol
from interfering compounds via HPLC poses challenges, often resulting in less reliable results.
Moreover, the detection sensitivity of HPLC detectors for furaneol is relatively low, necessitating
laborious sample preparation and concentration procedures. Gas chromatography coupled with
mass spectrometry (GC-MS) has emerged as a popular alternative for quantifying furaneol in foods.
[226] [185] Nevertheless, reported quantitative results for furaneol appear to vary depending on
the method used, with HPLC methods often yielding higher results than GC. [227] Some

researchers attribute this discrepancy to the thermal decomposition of furaneol in GC, while others

72



suggest it may be due to the incomplete resolution of furaneol by HPLC. [228] In this manner,
both HPLC and GC-MS present issues such as being time-consuming, expensive, requiring skilled
operators, and not applicable for real-time monitoring. Additionally, they can lead to inaccurate
detection results due to thermal decomposition or incomplete resolution of furaneol. Hence,
considerable attention has been paid to developing furaneol sensors that are simple, portable, cost-
effective, and enable precise detection.

An electrochemical approach to furaneol detection represents a promising method to address these
challenges. It involves exploration of the redox activities through the charge transfer of furaneol
followed by the protonation of furaneol to render it electroactive for a clear understanding of the
detection mechanism. Recently, electrochemical sensors have emerged as favored options for
environmental monitoring, biomedical analysis, and controlling processes in food manufacturing.
[229] [230] Electrochemical sensors offer several advantages, including rapid response times,
enhanced sensitivity, easy operation, simple fabrication, and compact design with low
manufacturing costs. [231] Nanostructured electrically conductive polymers (CPs) have been
extensively employed in electrochemical detection applications. [232] Polyaniline (PANI)
possesses unique characteristics, including its environmental stability, straightforward synthesis,
and the ability to modify surface charge characteristics by altering dopants. [233] [234] [235]
However, electrochemical sensors based on PANI pose a challenge as they react to multiple
molecules, hindering the selective detection of specific dissolved molecules. [236] These
challenges arise in distinguishing the target molecules from other interferents. [237] Various
compounds found in strawberries may further impede the effectiveness of PANI-based sensors.
[196] Introducing molecular imprinting technology addresses this challenge by creating

molecularly imprinted polymers (MIPs) with tailored binding sites for target molecules. [238]
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MIPs, or plastic antibodies, exhibit affinity similar to biological antibodies, facilitating selective
and enhanced detection of the target molecules. Owing to their high specificity and stability, MIPs
have been extensively utilized in various sensor platforms, such as Surface Plasmon Resonance
(SPR) for real-time monitoring [24], chemiresistive gas sensors for detecting volatile organic
compounds [22], and electrochemical biosensors for sensitive and selective analyte detection.
[239] In addition to their high specificity and stability, MIPs offer several advantages, including
ease of synthesis, low cost, and reusability. They are also highly resistant to harsh environmental
conditions such as extreme pH, temperature, and organic solvent, which makes them suitable for
a wide range of applications. These attributes make MIPs a powerful tool in the development of
advanced sensor technologies. [240] However, conventional MIPs are typically insulative, limiting
their direct applications to electrochemical sensors. To overcome this limitation, conducting
polymers such as polyaniline (PANI) have been explored for molecular imprinting. The electrical
conductivity of PANI offers a direct signal transduction mechanism, making it an attractive
material for electrochemical sensing. Despite these advantages, PANI itself has limited functional
groups available for molecular imprinting. The protonated amine groups in PANI provide only
weak non-covalent interactions, which may reduce imprinting efficiency and selectivity. In
contrast, methacrylic acid (MAA), a widely used functional monomer in MIP synthesis, contains
carboxylic groups, which can facilitate strong hydrogen bonding interactions with the target
molecule. Conducting polymers as functional monomers demonstrates advantages such as good
reproducibility and rapid detection. However, most of conducting polymers exhibit a higher LoD,
and their reactivity is slightly lower than non-conducting polymer-based MIPs. When molecularly
imprinted conducting polymers (MICP) and molecularly imprinted non-conducting polymers

(MINP) ,the reason MICPs generally have lower reactivity compared to MINPs can be due to the
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formation of fewer binding sites during imprinting. In molecular imprinting based on non-covalent
bonding, hydrogen bonds are the most commonly used for the interaction between functional
monomers and targets.[241] When creating cavities via hydrogen bonds in molecular imprinting
to enhance affinity with the target molecule, three factors will play significant roles. The first can
be intermolecular bonding strength. Hydrogen bonds are highly influenced by electronegativity.
Functional monomers for non-conducting MIPs typically contain oxygen-containing functional
groups, which form stronger hydrogen bonds than functional monomers of conducting polymers
with amine functional groups. Oxygen-containing functional groups have higher electronegativity,

resulting in stronger hydrogen bond formation.[242, 243]

The second factor can be intramolecular hydrogen bonds in conducting polymers.
Conducting polymers often requires acid doping to provide conductivity by forming polarons or
bipolarons, localized charges on the polymer chain.[244] This process can affect the behavior of
amine functional groups by protonating to NH". Also, intramolecular hydrogen bonding generation
is observed during the acid doping process. [245] The formation of the intramolecular hydrogen
bond caused by the polarons or bipolarons generation can interfere with the intermolecular
hydrogen bond, resulting in a weaker intermolecular hydrogen bond with reduced imprinting
efficiency.[246] As the third factor, the number of functional groups that form the binding site
within a single functional monomer is considered. Functional monomers in MICPs typically
contain only one or two amine groups, whereas non-conducting polymers can have a variety and
a greater number of functional groups. For example, MAA contains a carboxylic acid group, where
the hydroxyl group acts as an H-donor, and the C=0O group serves as an H-acceptor.[247] In
contrast, the main functional group of MICP functional monomer aniline has only one amine group

acting as H-donor in hydrogen bond formation.[248] Therefore, non-conducting MAA can form

75



more binding sites, resulting in higher reactivity when it is used as a functional monomer for MIP
sensors. For these reasons, MINPs can have a higher imprinting efficiency than MICPs, resulting
in stronger affinity and reactivity toward the target. Figure 4-1 shows the schematic of MINPs and
MICPs forming hydrogen bonding with target molecules during molecular imprinting. Briefly, due
to differences in functional groups in the monomer state, MINPs can form stronger hydrogen bonds
with the target. Additionally, MICPs can have weaker hydrogen bonding with the target due to the
generation of intramolecular hydrogen bonds during the formation of polarons or bipolarons

required for electrical conductivity.

Functional monomer (FM)  Intramolecular hydrogen bond Strong hydrogen bond Target (template)

Polaron formed FM Crosslinked FM Weaker hydrogen bond Target imprinted MIP

Pre-polymer complex (MINF) Target imprinted MINP

Pre-polymer complex (MICP) Target imprinted MICP

Figure 4-1 Schematic of MINP and MICP during molecular imprinting.

Target imprinted MIP

In this study, we explore an innovative approach using an electrochemical sensor based on
molecularly imprinted polymer-based PANI for the sensitive and selective detection of furaneol

target molecules. By exploiting the hydrogen bond formation between the furaneol target molecule
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and methacrylic acid (MAA) functional monomers, the molecule imprinting process was
successfully achieved. Simultaneously, furaneol imprinted MAA was copolymerized to PANI
using precipitation polymerization to coat onto the PANI surface using a higher density of PANI.
Furthermore, we systematically compare the imprinting efficiency and sensing performance of
MICP (aniline) and MINP (methacrylic acid) as functional monomers in electroactive MIPs. By
evaluating their electrochemical responses and molecular affinity, we aim to determine the impact
of functional groups on imprinting efficiency and sensing performance. We introduce a furaneol
detection method that utilizes the protonation of furaneol to facilitate charge transfer in the sensor,
enabling accurate measurement and elaboration on the protonation mechanism. Additionally, the
utilization of a PANI-based electrochemical sensor with cyclic voltammetry enables an analysis
of the reaction between the sensors and furaneol, providing insights into the exact sensing
mechanism. This provides insights into the exact sensing mechanism that was previously
unobservable in the gas-phase furaneol reaction from the earlier work. [22] Upon constructing the
furaneol template, the MIP sensor exhibited a strong affinity for furaneol molecules, resulting in a
significantly enhanced sensing response and demonstrating selective furaneol detection among
various VOCs in fruit components. Furthermore, to confirm the enduring stability of the MIP, a

four-week validation on the long-term stability was investigated.

4.2 Experimental Method

4.2.1 Materials and Chemicals

Carbon paper (5% wet proof) was purchased from Toray-chemical (Japan). 4-Hydroxy-2,5-dimethyl-

3(2H)-furanone (furaneol 98%, FCC, FG), methacrylic acid (99%), ethylene glycol dimethacrylate
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(EGDMA), Benzoyl Peroxide (75% remainder water) were purchased from Sigma-Aldrich (Germany).

Ammonium peroxydisulfate (98%) was purchased from Alfa Aesar (United States).

4.2.2 Molecularly Imprinted Polymer (MIP)-based polyaniline (PANI) synthesis

A mixture of 0.41 g aniline monomer and 0.46 g Ammonium persulfate was dissolved in
240 mL 1 M HCI and stirred at room temperature for 1 hour for the polymerization and oxidation
of polyaniline. During this process, the initially transparent aniline solution gradually turned
opaque with a green color as polymerization occurred. The synthesis of the copolymer proceeded
by incorporating 2mM Methacrylic acid as a monomer, ImM Furaneol as a template, 3.5mM
Ethylene glycol dimethacrylate (EGDMA) as a cross-linker, and 10 mg Benzoyl peroxide as an
initiator into the reaction mixture. The polymerization reaction occurred in a round-bottomed flask
at 65°C for 3 hours, followed by cooling in isolation. Subsequently, the copolymer solution was
deposited, and the furaneol template was extracted for 30 minutes using ethanol to form Fur-
imprinted PANI. Ethanol was selected as the solvent due to its ability to dissolve furaneol
exclusively without affecting the PANI and Poly methacrylic acid (PMAA) polymer matrix. For
comparative analysis, non-imprinted polymer-based polyaniline (NIP-PANI) was synthesized

under the same conditions as MIP without the inclusion of a furaneol template.

4.2.3 Direct molecular imprinted PANI synthesis

A mixture of 0.4 mL aniline monomer and 0.46 g Ammonium persulfate was dissolved in
240 mL 1 M HCI and stirred at room temperature for 30 minutes for the oxidation of aniline.
During this process, the initially transparent aniline solution gradually turned opaque with a bright
green color as oxidation occurred. To form the hydrogen bond between functional monomer

(aniline) and furaneol molecules, 5 mM furaneol was added to the oxidized aniline solution and
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stirred for 24 hours. As the aniline-furaneol complex had been polymerized with chemical
polymerization, the solution gradually turned to a dark green color. Subsequently, the copolymer
solution was deposited, and the furaneol template was extracted for 30 minutes using ethanol to
form furaneol-imprinted PANI. Ethanol was selected as the solvent for its ability to dissolve

furaneol exclusively without affecting the PANI.

4.2 .4 Electrochemical sensing device fabrication

Carbon paper (5wt%) was chosen as the substrate to fabricate the Fur-PANI
electrochemical sensor. The films were cleansed by immersing them in DI water and dried
overnight in an ambient atmosphere. The dimension of the carbon paper used was 1.2 * 0.5 cm?.
An electrochemical device based on Fur-PANI was fabricated using a simple drop-casting method,
depositing 10 ul of the prepared solution. The extraction process was followed after drying the
deposited solution by dipping it in ethanol for 30 minutes to selectively dissolve furaneol

molecules without affecting the polymer matrix.

4.2.5 Material characterization and electrochemical studies

The surface morphology of the samples was analyzed using a scanning electron microscope
(JEOL JSM-700F), with an accelerating voltage of 20 kV. Atomic force microscopy (AFM)
topography of samples was performed using a tapping-mode AFM supported by Neaspec (IR-
Neascope). In the experiments, an Pt/Ir coated silicon AFM tip (tip radius < 25 nm, NanoWorld)
was used. The AFM resonant tapping frequency of around 260 kHz and a tapping amplitude of
around 70 nm were employed. Fourier transform infrared spectroscopy (Nicolet 6700 FT-IR
spectrometer) was employed to examine the surface functional group of samples. FTIR

characterization was carried out using attenuated total reflectance (ATR) mode at room
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temperature and 40% relative humidity conditions, scanning from 400 cm™ to 4000 cm™ with 24
scans at a resolution of 4 cm™!. The interaction between furaneol and the PANI electrode was
evaluated by immersing the electrode in a solution containing appropriate concentrations of
furaneol. All electrochemical studies were conducted using Bio-Logic SP-150 potentiostat
(France). A three-electrode system was utilized for cyclic voltammetry (CV), comprising Swt%
carbon paper (Toray Chemical) as the working electrode, Pt wire as the counter electrode, and
Ag/AgCl (1M KClI) as the reference electrode. The potential sweep range extended from -0.3 V
to 0.9 V (vs. Ag/AgCl) at a scan rate of 20 mV/s. Each experiment was conducted at least three
times with three sensors.). For the validation of the Fur-PANI sensor, a commercial e-nose
system (Heracles Neo e-nose Alpha M.O.S, Toulouse, France) was utilized for furaneol detection
in strawberries. This involved the comparison of signals obtained from reference furaneol
solutions with real samples of Driscoll's strawberries. For the reference detection signals,
furaneol solutions of varying concentrations were prepared through serial dilution, including
200, 150, 100, 40, 20, 10, 5, 2.5, 1.25, 0.625, and 0.3125 mg/mL. Each solution (2 mL) was
pipetted into 20 mL vial and analyzed in the e-nose system at 50°C. Comparisons were made
between the furaneol peaks and areas in the e-nose signals obtained at different concentrations to
estimate furaneol concentration in blended strawberries. The applicability validation of Fur-
PANI was investigated with real strawberries through the following studies. Driscoll's
strawberries (1 mL) were blended and diluted with 1M HCI (100 mL) at a volume ratio of 1 part
strawberries to 100 parts 1M HCI. Fur-PANI was used as a working electrode, Pt wire as the
counter electrode, and Ag/AgCl (1M KCl) as the reference electrode. The potential sweep range
extended from -0.3 V t0 0.9 V (vs. Ag/AgCl) at a scan rate of 20 mV/s. Each experiment was

conducted at least three times with three sensors.
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4.3 Results and Discussions

The synthesis of the furaneol-MIP sensor is shown in Figure 4-2. Initially, aniline monomer
was polymerized through acid doping in 1M HCI solution using ammonium persulfate as the
oxidizer. HCI was used as inorganic acid for doping, since HCl-doped PANI obtains a higher
conductivity compared to other acids. [249] Subsequently, methacrylic acid (MAA) was
polymerized with furaneol and PANI, resulting in the formation of a copolymer dispersion
containing furaneol, polymethacrylic acid (PMAA), and PANI. For the molecularly imprinted
polymer (MIP), the functional monomer should be a substance that facilitates bonding with the
target molecule. We chose MAA as the functional monomer because it can act as both a hydrogen
bond donor and acceptor, making it suitable for hydrogen bond formation with the furaneol target

molecule. [250] During the imprinting process, the MAA functional monomer acts as the hydrogen
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Figure 4-2 Schematic diagram of furaneol imprinted MIP sensor synthesis and chemical formula
of Fur-PANI electrochemical sensor.
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moieties donor, while the template molecule furaneol serves as the 4-2ydrogen moieties acceptor.
[251] For the copolymerization, ethylene glycol dimethacrylate (EGDMA) was used to crosslink
the furaneol-imprinted PMAA and PANI, and Benzoyl peroxide (BP) was used as a radical
initiator for the copolymer preparation. Furaneol-PMAA was coated onto the PANI surface using
precipitation polymerization because PMAA possesses a lower density compared to PANI. [252]
For the pre-polymer cocktail fabrication, the prepared dispersion was deposited on the carbon
paper using a simple drop-casting method, and furaneol was selectively extracted with ethanol,
leaving the molecular cavities. The morphology of the PANI, NIP-PANI, and Fur-PANI was
characterized using the scanning electron microscope (SEM). Figure 4-3a shows HCI-doped PANI
coated on carbon paper. The carbon paper surface is covered by flocculent PANI particles, and
this morphological feature provides strong evidence for the PANI formation. [253] Figure 4-3b
shows NIP-PANI, where PMAA is crosslinked to PANI without the furaneol template. The
effective copolymerization of PMAA on the PANI surface can be observed, and the coating of
PMAA on the PANI surface is attributed to the higher density of PANI compared to PMAA. [254]
In Figure 4-3c, the morphology of Fur-PANI is presented. Similar to NIP-PANI, it is evident that
PMAA is well coated on the PANI surface, regardless of the presence of furaneol template
molecules. [255] The AFM analysis (Figure. 4-4) was employed to further investigate the
topography of pure PANI, NIP-PANI, and Fur-PANI. Based on the AFM images, it can be
observed that the copolymerization of PANI-co-PMAA results in a larger particle size. Pure PANI
exhibited particle sizes ranging between 150-250 nm, while PANI-co-PMAA showed particle
sizes ranging from 250-450 nm. The increase in particle size is attributed to copolymerization.
[256] However, because the molecular size of the imprinted furaneol is much smaller than the

resolution of the AFM, it is difficult to clearly see the resulting cavities of furaneol.
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Figure 4-3 SEM images of (a) pure PANI, (b) NIP-PANI, and (c) Fur-PANI (the magnification of
samples is x5000, and all the bars of images are 1 um).

0O HET | 621nm
0O HEE | 372nm
0O HET | 330nm

Figure 4-4 AFM image of (a) pure PANI, (b) NIP-PANI, and (c) Fur-PANI (All of the scale bars in
the images are 1 um).

Electrochemical detection relies heavily on the surface interaction between the functional
groups of the sensing material and target molecules in the electrolyte. FTIR characterization was
conducted to investigate the surface functional groups of PANI, NIP-PANI, and Fur-PANI. The
FTIR characterization was conducted using attenuated total reflectance (ATR) mode at room
temperature and 40% relative humidity condition, scanning from 400 cm™ to 4000 cm™ with 24
scans at a resolution of 4 cm™'. All samples were drop coated onto the carbon paper. FTIR spectra
of three synthesized materials are shown in Figure 4-5. In Figure 4-5a, the FTIR results of pure
PANI reveal characteristic peaks at 980 cm™ corresponding to C-C=H vibration, 1056 cm!

indicating aromatic bending of C-H, 1140 cm™ and 1310 cm representing C-N stretching

83



vibration, and 1470 cm™ and 1560 cm™! indicating quinoid and benzoic ring vibration, respectively.
[257] [258] Additionally, peaks at 1500 cm™ indicate NH" deformation vibration, while peaks at
3030 cm” and 2940 cm denote C-H stretching and N-H vibration, respectively [259] These
characteristic peaks align with reported FTIR spectra of PANI, indicating successful
polymerization and oxidation of aniline. Figures 4-5b and 4-5c¢ show the FTIR spectra of NIP-
PANI and Fur-PANI. Both NIP-PANI and Fur-PANI show functional groups of PANI and
poly(methacrylic acid-co-ethylene glycol dimethacrylate). [260] [209] While both samples show
similar peaks with PANI, the appearance of a peak at 1720 cm™! resulting from C=0O double bond

stretching vibration in PMAA indicates well-conducted copolymer formation. [261]
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Figure 4-5 Investigation of functional groups of (a) pure PANI, (b) NIP-PANI, and (c) MIP-PANI
obtained from FTIR spectra.

Following morphology and surface functional group characterization, the electrochemical
characterization of PANI, NIP-PANI, and MIP-PANI was conducted using 1M HCI solution.
Cyclic voltammetry (CV) was employed to characterize the electrochemical behavior and redox
states of PANI-based samples. The electrochemical behavior of PANI is influenced by various
factors such as applied potential, electrode surface area, electrolyte composition, and temperature.

[262] Mainly, due to the distinct transition states of PANI reacting with HCI, electrochemical
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characterization was performed using HCI. PANI has three different oxidation states, it is
insulating in its neutral form, and it can be conductive through oxidation or reduction. Thus, HCI
was used for electrochemical characterization to explore the oxidation states of PANI. Figure 4
shows the electrochemical behavior of carbon paper, PANI, NIP-PANI, and MIP-PANI before and
after the extraction of furaneol. The CV curve exhibits two sets of redox activity. [263] The first
redox couple, occurring near 0.25 V (vs. Ag/AgCl), indicates the conversion of fully reduced
leucoemeraldine form to partially oxidized emeraldine form. The second set of redox peaks,
appearing between 0.6 V and 0.8 V (vs. Ag/AgCl), indicates the conversion of emeraldine form to
the fully oxidized pernigraniline form. [264] When bare carbon paper was characterized, no peaks
were observed since carbon paper does not undergo redox reactions with HCI. However, upon
deposition of PANI onto the carbon paper surface, a significant increase in current was observed,
attributed to the oxidation of PANI with HCI, as shown in Figure 4-6. When NIP-PANI was coated
on carbon paper, lower anodic/cathodic peaks were observed with HCI, indicating limited electron
transfer due to the hindrance caused by the non-electroactive PMAA. For MIP-PANI, peak current
values were obviously before the extraction of furaneol due to the insulating organic layers of
PMAA and furaneol. Following the extraction of furaneol, the peak current value of MIP-PANI
increased, indicating the successful removal of furaneol molecules. Compared to NIP-PANI, MIP-
PANI after extraction, showed higher peak currents on the transition from emeraldine to
pernigraniline. This increase in peak current is attributed to the increase of surface area during the

bonding and debonding of the furaneol template molecule. [265]
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Figure 4-6 Cyclic voltammograms of carbon paper, PANI, NIP-PANI, and MIP-PANI before and
after extraction of furaneol (all of the characterization was conducted using 1M HCI at a scan rate
of 20 mV/s between the potential -0.3 to 0.9 V).

To facilitate the electrochemical detection of furaneol, we employed the furaneol protonation
method, which directly measures the charge transfer current resulting from the oxidation of sensors
using the electrochemical method. The process of furaneol protonation involved dissolving
furaneol in HCI. [266] This step can be considered an intermediate stage in the keto-enol
tautomerism of furaneol. In keto-enol tautomerism, hydrogen at position 2 transfers via the
phosphohexose isomerase reaction, leading to the transformation of furaneol. [267] During this
transformation, hydrogen is added to the oxygen in the ketone group, forming protonated furaneol
by reacting with HCI. The Furaneol protonation process is summarized in equation (1).
CsHsO3 + HCI — CsHoO3" + CI" (1)

The detection of furaneol was conducted through the electrochemical behavior and the redox states
of PANI-based sensors using CV. Since PANI has three oxidation states and two sets of distinct
redox activity, the interaction mechanism between PANI-based sensor and furaneol can be
analyzed through the CV. [262] The first anodic peak between 0 and 0.25 V (vs. Ag/AgCl) is

independent of protons, and the second anodic peak between 0.6 and 0.8 V (vs. Ag/AgCl) is
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associated with protons. [264] As the PANI-based sensor can be protonated with protonated
furaneol and HCI, the second peak was expected to show a higher current density with increasing
concentrations of furaneol. Figure 5 shows the CV curves of pure PANI, NIP-PANI, and Fur-
PANI toward different concentrations of furaneol in 1M HCI solution. Protonated furaneol was
considered a protonating target to PANI, with anodic peaks near 0.65 V (vs. Ag/AgCl), indicating
the transition of emeraldine form to pernigraniline form was expected to increase with increasing
furaneol concentration. The protonation mechanism of the PANI-based sensor toward protonated
furaneol in an HCI solution can be proposed as equation (2).

NH: + CI" + CsHoO3" — NH3* + CsHgO3 + CI° (2)

As shown in Figure 4-7a, the current density of PANI exhibited values of 6.704, 6.942, 7.8868,
10.357, and 13.202 mA/cm? at furaneol concentrations of 0, 0.1, 1.1, 2.2, and 5.5 mg/mL,
respectively. In Figure 4-7b, the current density of NIP-PANI was observed to be 2.972, 3.536,
4.638, 6.587, and 8.659 mA/cm? under corresponding furaneol concentrations. Similarly, Figure
4-7¢ shows the current density of Fur-PANI as 3.85, 6.534, 8.725, 11.113, and 17.935mA/cm? for
the same furaneol concentrations. As mentioned above, there is a difference in current density

when reacting with HCI. This is because the insulating property of PMAA interferes with the redox
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Figure 4-7 Cyclic voltammograms of (a) PANI, (b) NIP-PANI, and (c) Fur-PANI with different
concentrations of furaneol in 1M HCI solution at a scan rate of 20 mV/s between the potential -0.3
t0 0.9 V.
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reaction between PANI and HCI, resulting in PANI obtaining the highest current density. The
difference between MIP and NIP is due to the difference in surface area created by the imprinting
process of the furaneol molecule. [265] The concentrations of furaneol obviously influence the
change in current driven by the oxidation of PANI-based sensors. The sensing performance of
electrochemical sensors can be evaluated using the detection signal, which represents the change
in current density when the target molecule is introduced. [122] The detection signal of Fur-PANI
was calculated to be 2.684 + 0.59 at 0.1 mg/mL, 4.875 + 0.37 at 1.1 mg/mL, 7.263 = 0.6 at 2.2
mg/mL, and 14.085 + 0.64 at 50 mg/mL of furaneol. Additionally, this detection signal was

improved by 2.2 times compared to PANI and 2.47 times compared to NIP-PANI.
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Figure 4-8 (a) Cyclic voltammograms of MIP-PANI of MIP-PANI (aniline), a calibration curve of
MIP-PANI (aniline), (c) cyclic voltammograms of MIP-PANI (MAA), and (d) a calibration curve
of MIP-PANI (MAA) (Samples are exposed to various concentrations of furaneol in 1M HCI
solution. The data points indicate the averages of repeating measurements and standard deviations
are marked as error bars).

Figure 4-8(a) and 4-8(b) show the response of MIP-PANI using aniline as a functional monomer.
The current density of MIP-PANI (aniline) exhibited values of 1.5414, 1.7902, 3.6981, 6.4232,
and 13.2841 mA/cm? at furaneol concentrations of 0, 0.1, 1.1, 2.2, and 5.5 mg/mL, respectively.
Figure 4-8(b) shows the calibration curve and regression equation of MIP-PANI using aniline as

a functional monomer. As shown in Figure 4-8(a), the detection signal of MIP-PANI (aniline) was
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calculated to be 0.248807 + 0.018391 at 0.1 mg/mL, 2.15667 + 0.2476 at 1.1 mg/mL, 4.8818 +
0.2214 at 2.2 mg/mL, and 11.74268 + 1.28587 at 5.5 mg/mL of furaneol. The limit of detection
(LoD), representing the lowest concentration of the target molecule that can be detected, was
theoretically calculated to be 0.0814 mg/mL. [268] Figure 4-8(c) shows the cyclic voltammograms
of MIP-PANI using methacrylic acid as a functional monomer. As shown in Figure 4-8(c)
responses of MIP-PANI using MAA as a functional monomer showed the current density values
of 3.85, 6.534, 8.725, 11.113, and 17.935 mA/cm? for the same furaneol concentrations. Figure 4-
8(d) shows the calibration curve and regression equation of MIP-PANI (MAA) toward various
concentrations of furaneol in 1M HCI, assuming the linear relationship of Fur-PANI toward
furaneol concentration. The limit of detection (LoD), was theoretically calculated to be 0.0814
mg/ml. [268] When using limit of detection (LoD) to compare the two MIP-sensors using aniline
and MAA as functional monomers, MAA showed 3.148 times higher performance than aniline.
This higher reactivity can be attributed to the higher imprinting efficiency of MAA, which forms
strong hydrogen bonds with furaneol due to the carboxylic group, including the higher
electronegativity, intramolecular hydrogen bond of conducting polymers, and intermolecular
hydrogen bond capabilities, as discussed in the introduction. For the two sensing materials, the
capability to detect low concentrations enables practical applications for identifying trace amounts
of furaneol in fruits, such as strawberries, which are reported to contain 30 mg/mL furaneol. [218]
Table 4-1 presents various sensors utilized for strawberry furaneol detection. Komarova et al. used
a field effect transistor with single-stranded DNA (ssDNA) aptamer [219], while Douaki et al.
introduced a carbon nanotube (CNT)-modified electrochemical aptasensor. [221] In addition,
Ghatak et al. developed a quartz crystal microbalance (QCM) sensor based on MIPs for the

furaneol detection [220], and Kim et al. utilized a chemiresistive gas sensor for strawberry furaneol
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detection. [22] Sensors employing biorecognition elements exhibited superior capabilities with
lower LoD. In comparison to MIP-based sensors, the furaneol imprinted PANI electrochemical
sensor demonstrated heightened sensitivity with a reduced LoD compared to QCM or
chemiresistive gas sensor. While MIP-based sensors generally exhibit lower sensitivity, their
applications have advantages due to the ability to produce them in large batches, facilitating
storage at room temperature and humidity, unlike biorecognition elements. [269] Moreover, the
long-term stability of MIP-based sensors can be another advantage compared to aptamer-based
sensors. [270]

Table 4-1. Developed sensors for furaneol detection.

Sensor Recognition element Detection LOD Reference
range
Field-effect Aptamers 0.0128-1.28 0.0128 [219]
transistor mg/mL mg/mL
Quartz Molecularly imprinted polymer 10-100 0.123 [220]
crystal mg/mL mg/mL
microbalance
Square wave Aptamers 0.128 ng/mL- 0.064 [221]
voltammetry 4.48 mg/mL ng/mL
Chemi- Molecularly imprinted polymer ~ 5-100 ppm 141.5 [22]
resistive ppb
sensor
Cyclic Molecularly imprinted polymer 0.1-5.5 0.081 This work
voltammetry mg/mL mg/mL

To investigate the long-term stability of the MIP-based sensor, responses of Fur-PANI to furaneol
over a period of four weeks were examined. Figure 4-9a shows the responses to 5.5 mg/mL
furaneol in 1M HCI over four weeks. The change of current density caused by the oxidation of
MIP-PANI was measured as a detection signal since protonated furaneol molecules added in 1M
HCI further oxidized the MIP-PANI. The sensing performance of electrochemical sensors was

calculated using the detection signal. As shown in Figure 4-9b, MIP-PANI sensors showed a high
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Figure 4-9 (a) Long-term stability test results of Fur-PANI toward 5.5 mg/ml Furaneol in 1M HCI,
and (b) calculated detection signal over a month (the data points indicate the averages of repeating
measurements and standard deviations are marked as error bars)

detection signal of 14.085 in the first week, and this performance was sustained with detection
signals of 13.751, 14.038, 13.706, and 13.842 mA/cm?, maintaining 98.2% over a month.

The enhanced sensing abilities of furaneol-imprinted PANI, attributed to the furaneol imprinting
effect, suggested it would exhibit a strong response specifically to furaneol. To investigate the
selectivity of the MIP-sensor, various molecules, including 3-Carene, benzene, Limonene, and
terpinene with similar molecular weight and chemical properties, are detected in an aqueous
solution. Figure 4-10 shows the result of selectivity validation. All of the concentrations of other
molecules were 5.5 mg/ml in 1M HCI. The oxidation peak near 0.65 V (vs. Ag/AgCl), indicative
of the interaction of Fur-PANI with target molecules, was utilized for analysis. Only furaneol
showed a high detection signal of 14.085, whereas for the other molecules, the detection signal
was very low, showing less than 0.2. Thus, the Fur-PANI sensor exhibits selectivity in

distinguishing furaneol from other VOCs present in fruits.
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Figure 4-10 The selectivity of Fur-PANI electrochemical sensor to 3-Carene, benzene, limonene,
and terpinene (inset shows the cyclic voltammograms to the same concentrations of other
compounds in fruits).

The applicability of the Fur-PANI sensor was investigated with real strawberry samples and
compared with the E-nose system for validation. The E-nose system was utilized for the
comparison for the precise determination of furaneol in strawberries avoiding the discrepancy
mentioned in the introduction. [271] Figure 4-11a shows the cyclic voltammograms of Fur-PANI
toward 1M HCI and strawberry mixed 1M HCI (v/v 100:1). Fur-PANI showed the current density
value of 2.8566 mA/cm? toward 1M HCI, and 6.2251 + 0.2127686 mA/cm? toward 100 times
diluted strawberries. [122] The concentration of furaneol present in strawberries can be calculated
to be 38.604 mg/ml with the regression equation of Fur-PANI. The detection signal of Fur-PANI
toward strawberries can be calculated to be 3.368455 using the change in current density when the
target molecule is introduced. A commercial e-nose system was applied to validate the

concentration of furaneol in strawberries by comparing the same Driscoll's strawberries.
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Figure 4-11 Driscoll's strawberry detection with (a) Fur-PANI electrochemical sensor and (b)
regression curve of furaneol measurement with commercial e-nose system (inset shows the peak
area of furaneol detection in strawberries).

Figure 4-11b shows the measurement results of commercial e-nose. The amount of furaneol
present in strawberries was measured by the peak area of strawberries, converted using the
regression equations obtained from the furaneol. The peak area of Driscoll's strawberries was
3639.88 + 3.9456, and this value was converted to 38.689 mg/ml furaneol in strawberries. The
determined furaneol concentrations by Fur-PANI and e-nose system give a deviation of 0.085
mg/mL, corresponding to less than 1% difference in sensing response. Therefore, the developed
Fur-PANI electrochemical sensor has shown the potential ability to detect furaneol in real

strawberries.

4.4 Conclusion

In conclusion, we have successfully developed PANI electrochemical sensors imprinted with
furaneol, exhibiting high sensitivity specifically towards furaneol molecules. Electrochemical
detection of furaneol became feasible by protonating furaneol with acid media. The Furaneol-

imprinted PANI dispersion was synthesized and deposited onto carbon paper using a simple drop-
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casting method, selectively capturing the furaneol target. Surface chemistry analysis and
electrochemical characterization conducted before and after extraction of Furaneol suggested
successful synthesis, with functional groups and charge densities indicating the presence of the
imprinted furaneol cavity in the polymer matrix. Compared to NIP-PANI, the Fur-PANI
electrochemical sensor demonstrated a significantly higher affinity to furaneol, attributed to the
presence of the imprinted furaneol cavity. Furthermore, the electrochemical sensing performance
of directly imprinted PANI and Fur-PANI (MAA) was evaluated through cyclic voltammetry. The
response of Fur-PANI (MAA) was 3.148 times higher than the directly imprinted PANI. This
improvement can be attributed to the higher imprinting efficiency. Additionally, we proposed a
sensing mechanism for the sensor based on charge carrier transfer through the protonation
mechanism of PANI-based sensors. This developed Fur-PANI electrochemical sensor represents
a significant advancement in fruit condition monitoring for miniaturized electronics, offering

comparable performance to other electrochemical sensors.
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Chapter 5
Molecularly Imprinted Conducting Polymers for Stress Biomarker Cortisol Quantification
5.1 Introduction

Psychological stress is known to increase the risk of various health conditions, including
autoimmune disorders, cardiovascular disease, mental illnesses, and infectious diseases. [272]
This stress can be triggered by real or perceived stressors and can have a negative impact on
human health. [273, 274] Numerous studies are currently being conducted to understand the
effects of environmental psychological stressors on the health of humans. One way in which
psychological stress can lead to illness is through the production of cortisol, a glucocorticoid
hormone associated with the stress response. Cortisol plays a significant role in regulating
physiological processes such as glucose levels, carbohydrate metabolism, and blood pressure.
[275, 276] Also, chronically high levels of cortisol due to distress can have detrimental effects on
health. [277] For example, this hormone plays a significant role as an indicator for various
diseases, including Cushing syndrome (CS) [278], and Addison’s disease [279]. Therefore, it is
important to measure cortisol levels to assess and manage physiological stress. This
measurement of cortisol, along with other similar substances, is crucial for diagnosis in clinical
settings and for activities that involve high levels of stress. As a result, there has been a focus on
developing user-friendly technologies that enable quick detection of cortisol.

Currently, methods like electrochemical immunosensors and enzyme-linked
immunosorbent assay (ELISA) are employed to detect cortisol levels. [280] Furthermore, a new
method called chemiluminescent-lateral flow immunoassay (LFIA) integrated with smartphones
has been developed for the detection of cortisol. [281] These techniques utilize cortisol-specific

antibodies as recognition elements to selectively detect cortisol. Although several immunoassays
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and immunosensors have been commercialized, there are still significant challenges in expanding
their widespread adoption beyond laboratory settings. These challenges include the high cost of
producing immune reagents, as well as the instability of antibodies in the ambient environment,
which requires refrigerated transport and storage. Furthermore, the typical research practice of
collecting all samples and running the assays in a single session to minimize variations hinders the
use of test results to improve health outcomes. Our research has primarily focused on developing
artificial receptor systems as reliable alternatives to conventional antibodies. These systems are
designed to mimic the selectivity of antibodies while offering advantages such as stability, easier
storage, reduced cost, and handling. One promising technique for creating these artificial receptors
is molecular imprinting. [282, 283] By molecular imprinting, it is possible to create specific
recognition sites within polymer matrices that closely match the structure of target molecules.
These molecularly imprinted polymers (MIPs) act as synthetic receptors with selective binding
sites for the desired analyte. MIPs are considered stable, versatile, and cost-effective substitutes
for natural antibodies, offering longer lifetimes compared to enzymes and proteins. [284, 285]
They also enable reversible rebinding, allowing for the construction of reusable sensing
technologies. The utilization of MIPs in biosensor development has the potential for significant
impact due to their easy storage, low-cost, and suitability for use in harsh conditions. [286, 287]
In previous studies, MIP-based electrochemical sensors for cortisol detection have predominantly
utilized non-conducting polymers. [288, 289] Because these materials lack inherent conductivity,
the addition of redox-active components to promote electron transfer or copolymerization with
redox-active materials was required to transduce the target-binding event into an electrochemical

signal. [141, 290] Furthermore, when conducting polymers such as polypyrrole were used for
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cortisol sensing, an additional overoxidation step was applied to enhance the sensing performance.
These extra modifications can add complexity to the fabrication process. [145, 291]

In this study, we present an innovative approach using an electrochemical sensor based on
molecularly imprinted polymers (MIPs) for the sensitive and selective detection of cortisol. Our
approach simplifies the sensor fabrication process by directly imprinting cortisol onto conducting
polymers that inherently facilitate charge transfer. By leveraging functional monomer-target
interactions without requiring additional redox-active materials or post-treatment steps, we
developed a more straightforward and cost-effective method for cortisol detection. To explore the
impact of functional monomer selection on sensor performance, we investigated two conducting
polymers, aniline and ortho-phenylenediamine (0-PD), which have inherent electrical conductivity.
Compared to aniline, oPD contains two amine groups in one monomer, which serve as binding
sites for the target molecules. Although many studies have hypothesized that oPD would
outperform aniline in sensor performance, there has not been a direct comparison of the sensing
performance of these two functional monomers. Here, we systematically evaluated how the type
of functional monomer influences the formation of molecularly imprinted cavities while
simultaneously simplifying the molecular imprinting process. By exploiting the hydrogen bond
formation between the cortisol target molecule and the conducting functional monomers, we
successfully achieved molecular imprinting through electropolymerization, resulting in a strong
affinity for the target molecule. The sensors were used as electrochemical sensors with cyclic
voltammetry. Since cortisol itself lacks electrochemical activity, ferricyanide was used as a
reversible redox probe, serving as a reporter molecule that competes with cortisol for molecularly
imprinted recognition sites. [292] Additionally, we visualized and quantified the rebinding events

of cortisol to MIP-based sensors using a confocal microscope by employing coumarin-dyed

98



cortisol and measuring the fluorescence intensity. This study provided insights into how an
increase in binding sites leads to more imprinted cavities, resulting in improved sensor
performance. The constructed MIP-based sensors demonstrated a strong affinity for cortisol
molecules and significantly enhanced the sensing response, showing a limit of detection (LoD) of
5.8 pM, which is three orders lower than physiological cortisol concentrations. It also exhibited
selective detection of cortisol among various biological substances in human fluids. Furthermore,
the applicability of the cortisol-imprinted sensor was confirmed by measuring cortisol levels in

human saliva, and the results were compared to the results using a commercial ELISA sensor.

5.2 Experiment methods

5.2.1 Materials and Chemicals

Cortisol (98%), aniline (99%), o-phenylenediamine (99%), Potassium chloride (99%), 7-
Amino-4-(trifluoromethyl) coumarin (99%) were purchased from Thermo Scientific (United
States). Carbon paper (5% wetproof) was purchased from Toray Chemical (Japan). PBS was
purchased from Corning (United States). Cortisol ELISA kit (Saliva) was purchased from IBL

America.

5.2.2 Piranha solution etching of gold chip

To create a binding layer on the gold surface, Piranha etching was conducted to
functionalize the surface effectively and clean the gold surface. H2O2 10 ml was slowly dropped
into H2SO4 30 ml. The gold chip was dipped into the solution, and the temperature was maintained

at 90°C for 10 minutes. Then, the gold chip was dipped into the distilled water and ethanol (1:1
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v/v) and sonicated for 10 minutes. The further washing process was followed using DIW and

ethanol, and the next process was done within 10 minutes after the process was completed.

5.2.3 Synthesis of cortisol molecule imprinted PANI sensor

To form the hydrogen bond between functional monomer (aniline) and cortisol molecules,
0.1 M aniline functional monomer and 5 mM cortisol were solved in 20 mL 1M HCI and stirred
for 24 hours. Then, for electropolymerization of the prepolymer cocktail, carbon paper and gold
chip were used as the working electrode, Ag/AgCl (3.5 M KCI) was used as the reference electrode,
and Pt-wire was used as the counter electrode. The potential was applied (-0.3-1.0 V) for the
electropolymerization at 50 mV/s in different cycles. The extraction process was followed by

dipping into ethanol which can only dissolve cortisol without affecting PANI.

5.2.4 Synthesis of cortisol molecule imprinted P(o-PD) sensor

To form the hydrogen bond between functional monomer (0-PD) and cortisol molecules,
0.1 M o0-PD functional monomer and 5 mM cortisol were solved in 20 mL 0.1M H2SOs, then
stirred for 24 hours. For electropolymerization of the prepolymer cocktail, carbon paper was used
as the working electrode, Ag/AgCl (1 M KCI) was used as the reference electrode, and Pt-wire
was used as the counter electrode. The potential was applied (-0.3-1.0 V) for the
electropolymerization at 50 mV/s in different cycles. The extraction process was followed by

dipping it into acetone/water (1:1 v/v), which can only dissolve cortisol without affecting P(o-PD).

5.2.5 Material characterization, electrochemical, and fluorescence studies

A scanning electron microscope (JEOL JSM-700F) was employed to analyze the surface

morphology of the samples. Fourier transform infrared spectroscopy (Nicolet 6700 FT-IR
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spectrometer) was used to examine the chemical bonding of samples with attenuated total
reflectance (ATR) mode, scanning from 400 cm™! to 4000 cm™ with 24 scans at a resolution of 4
cm’!. All electrochemical studies were conducted using Bio-Logic SP-150 potentiostat (France).
A three-electrode system was utilized, comprising Swt% carbon paper (Toray Chemical) as the
working electrode, platinum wire as the counter electrode, and Ag/AgCl (1M KCl) as the reference
electrode. The potential sweep range extended from -0.2 V to 0.6 V (vs. Ag/AgCl) at a scan rate
of 20 mV/s. All images of fluorescence detection were collected using a Nikon Eclipse confocal
microscope (Nikon Instruments, Tokyo). All images were 1024 x 1024 pixels in size obtained with
dwell time lus. The sample was excited at 405 nm, and the emission was collected between 429
and 474 nm. The laser gain was set to 81, with an offset of 210 and a pinhole size of 20.6 um. All
images were captured at 10x magnification, and fluorescence intensity was acquired using the NIS-
Elements (Nikon Instruments). Each experiment was conducted at least three times with three

S€NSors.

5.2.6 Cortisol detection with enzyme-linked immunoassay (ELISA) in saliva

The ELISA method for cortisol detection involves securing coated strips, dispensing
calibrators, controls, and samples into wells, and adding enzyme conjugate. The plate is incubated
for 60 minutes at room temperature on a shaker, followed by washing the wells four times.
Afterward, a substrate solution is added, and the plate is incubated in the dark for 30 minutes. The
reaction ends with a stop solution, and the optical density (OD) is measured at 450 nm. Using this
process, a calibration curve and regression equation were generated. The cortisol concentration in
10x diluted saliva samples was compared to the cortisol-imprinted poly(ortho-phenylenediamine)

(cort-PoPD) sensors.
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5.3 Results and Discussion

The schematic diagram of the synthesis of cortisol-imprinted polyaniline (PANI) and poly
(ortho-phenylenediamine) (PoPD) is illustrated in Figure 5-1. It was assumed that the amine group
in aniline and ortho-phenylenediamine (0-PD) can form hydrogen bonds with the carboxylic
groups of cortisol. [293, 294] Aniline contains a single amine group, whereas o-PD has two amine
groups. Therefore, by using these two functional monomers to form hydrogen bonds with cortisol
and subsequently employing electropolymerization, the polymerized MIP sensing materials were
controlled to be an equal amount, and the reactivity based on the number of binding sites formed
was compared. Figure 5-2 shows the CV curves upon the electropolymerization of PANI. Peak (a)
in Figure S1 represents the oxidation of the monomer and dimer on CV cycle 3. [295] After the
generation of peak (a), which indicates the formation of PANI, it signifies the conversion of

leucoemeraldine to emeraldine form. [296] Peak (b) indicates the formation of p-benzoquinone,
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Figure 5-1.Schematic diagram of cortisol-imprinted PANI and PoPD synthesis
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and peak (c) shows the conversion of emeraldine to permigraniline form. Peak (d) shows the
irreversible monomer oxidation causing the formation of cation radicals, and it diminishes upon
the formation of PANI. Peak (a), (b), and (c) are reversible, while peak (d) is irreversible. When
comparing cortisol-bonded MIP and non-imprinted polymer (NIP), NIP shows a 15% higher
current density value on the main peaks indicated in peak (a) and peak (c). The lower current
density observed during electropolymerization can be considered due to interference caused by the
hydrogen bonds between cortisol and the aniline monomers, which disrupts the polymerization
process. [297] Figure 5-3 presents the CV curves for the electropolymerization of cort-imprinted
oPD and NIP-oPD. During this process, an anodic peak appears due to the oxidation of dimers to
a semi-oxidized state. [298] Both NIP and MIP exhibited irreversible oxidation processes, showing
a progressive decrease in current density over CV cycles. This behavior is in agreement with the
previous oPD electropolymerization reports. [ 122, 124] Two key differences were noted in the CV

curves from the first cycle of NIP and MIP.
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Figure 5-2. (a) Cyclic voltammograms upon electropolymerization of cort-PANI and NIP-PANI
for ongoing cycles from third to tenth.
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Figure 5-3 Cyclic voltammograms during electropolymerization of (a) NIP-PoPD, (b) MIP-PoPD, and
(c) comparison of the first cycle.

First, the MIP showed a rightward shift in the oxidation peak, indicating the coupling of
oPD units accompanied by the generation of H". [299] This shift can be attributed to changes in
the oxidation kinetics of 0-PD by the hydrogen bond with cortisol, which increases the activation
energy required for oxidative polymerization. Second, a new oxidation peak appeared around 0.5-
0.6V. (vs. Ag/AgCl). When the imine group of o-PD is transferred to the ketone, the oxidation
peak becomes larger during the electropolymerization process. [300] Following this phenomenon,
the formation of the peak can be assumed to be due to the hydrogen bond between the carboxylic
group of cortisol and the amine group of 0-PD. Similar peak shifts and new oxidation peaks have
been observed in molecularly imprinted polymer synthesis [301, 302], and in this study, we could
confirm that cortisol-imprinted PoPD exhibits similar electrochemical behavior. This observation

can further support the role of hydrogen bonding in influencing the polymerization of MIP-based
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systems. By controlling the synthesized sensing materials using electropolymerization, the mass
of synthesized cortisol imprinted PANI and PoPD was measured as shown in Figure 5-4, and mass

was adjusted to ensure that the amounts of the two sensing materials were equal.
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Figure 5-4 Mass of electropolymerized cort-imprinted PANI and PoPD with different cyclic
voltammetry cycles.

The morphologies of the electropolymerized NIP-PANI, cort-PANI, NIP-PoPD, and cort-
PoPD were characterized with SEM, as shown in Figure 5-5. For NIP-PANI, as shown in Figure
5-5(a) and 5-5(b), the PANI with nano fibrillar structures was formed on the surface of carbon
paper. The cort-PANI samples showed nanosphere morphology surface morphology as shown in
Figure 5-5(c) and 5-5(d). The morphological differences observed in PANI can be attributed to the
presence or absence of cortisol during polymerization. The bonding of template molecules can
interfere with the polymerization process and consequently affect the morphology. If it forms small
oligomeric intermediates such as dimers and trimers in the reaction, the oligomers continue to
grow by reacting with each other or with monomers. The formation of oligomers can result in the
global shape of PANI. [303] Additionally, the polymerization kinetics can change the morphology

of the resulting PANI. If the polymerization proceeds slowly, long-chain oligomers can coagulate
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into globular shapes in the medium, which results in the formation of spherical particles. On the
other hand, a rapid polymerization rate may not allow enough time for the long-chain oligomers
to coagulate, which may lead to the generation of fiber structure. [304] The morphologies of NIP
and cort-PANI showed good agreement with CV curves during the electropolymerization in Figure
5-2. For PoPD, Figure 5-5 shows the SEM images of (d) NIP-PoPD before washing, (¢) NIP-PoPD
after washing, (f) cort-PoPD before extraction and washing, and (g) cort-PoPD after extraction and
washing. The extraction process was conducted by dipping the prepared samples in acetone/water

1:1 v/v since acetone solution can only dissolve cortisol without affecting the PoPD. [305]
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Figure 5-5 SEM images of (a) NIP-PANI before washing, (b) NIP-PANI after washing, (c) cort-
PANI before extraction, (d) cort-PANI after extraction, (¢) NIP-PoPD before washing, (f) NIP-
PoPD after washing, (g) cort-PoPD before extraction, and (h) cort-PoPD after extraction, and FTIR
spectra of (i) NIP and cort-PANI and (j) NIP and cort-PoPD
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For NIP-PoPD, the PoPD film with closed-packed lumpy morphology was formed on the surface
of carbon paper as shown in Figure 5-5(d) and 5-5(e) with a good agreement of reported
morphology of PoPD. [306] For the cort-imprinted PoPD before the extraction of cortisol, it
showed branch-type surface morphology as shown in Figure 5-5(f). After the extraction of
cortisol, these branch-type particles were all washed away, and the lumpy morphology was
formed, similar to the NIP-PoPD. This morphology formation can be attributed to the incomplete
polymerization of PoPD. Cortisol can form hydrogen bonds with oPD and interfere with
polymerization, leading to the formation of dimers or trimers rather than poly(o-PD). This
interference on polymerization was also observed in CV curves of cort-PoPD
electropolymerization as shown in Figure 5-3. Figure 5-5(i) shows the FTIR spectra of NIP and
cort-PANI. The main characteristic peaks at 2900 cm™ and 2660 cm™ indicate the imino and
amino groups (-NH- and -NH2) stretching in the PANI backbone. The peaks at 1566 ¢cm’!
indicate quinone stretching deformation, and 1490 cm™ indicate C=C stretching vibration in
benzene rings. [209] The peak at 1306 cm™ corresponds to the pi-electron delocalization induced
in the polymer by protonation. [307] The band characteristic of the HCl-doped conducting
protonated form is observed at 1240cm™! and interpreted as a C-N* stretching vibration in the
polaron structure. [308] C-N stretching vibrational peak of the benzenoid amine structure. [307]
The peak at 1140 cm™ indicates a vibration mode of the protonated -NH "= structure. [309] The
peaks at 798 cm™! and 505 cm™! represent the out-of-plane deformation of C-H in the benzene
ring. For both NIP and cort-PANI, the FTIR spectra did not show significant differences,
indicating that PANI has been well-formed regardless of cortisol imprinting. Figure 5-5(i) shows
the FTIR spectrum of NIP and cort-PoPD. Similar to PANI, NIP and cort-PoPD showed similar

peaks without change caused by the cortisol imprinting. The main characteristic peaks at 3340
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cm™ and 3240 cm™! correspond to the imino and amino groups (-NH and -NHz). The peaks at
1690 cm™! indicate C=O stretching vibration, and 1568 cm™ are attributed to C=C stretching
vibration in phenazine rings. The peak at 1320 cm™ indicates the C-N stretching vibrational peak
of the benzenoid amine structure. [310] Peaks at 1200 cm™!, 1154 cm™!, and 1130 cm™! indicate
C-N stretching, benzenoid, and quinoid backbone, respectively. [311] The peaks at 744 cm™ and
620 cm™! indicate the stretching vibration of the C-N bond and the rocking vibration of the N-H
bond. [312] The peak at 490 cm™' is due to a conducting protonated C-N" vibration caused by
acid doping. [313] The FTIR spectra for both PANI and PoPD sensing materials showed no
notable differences between the cortisol imprinted and non-imprinted samples. These results can
confirm the presence of functional groups, indicating the successful synthesis of the imprinted
polymers. To investigate the sensing performance of the resulting MIP electrodes in the
detection of cortisol molecules, the electrochemical responses of the electrode were measured
after incubating the sensor for 15 min in 5SmM [Fe(CN)s]>"* containing cortisol of increasing
concentrations. Cyclic voltammetry (CV), which is an effective electrochemical tool to observe
the overall redox activities for both PANI and PoPD, was used to quantify the concentration of
cortisol. In the presence of cortisol, binding sites in the cort-PANI and cort-PoPD will be
occupied, decreasing the number of redox probe molecules that may diffuse into the polymer
and interact with the electrode. [292] This decrease in interaction lowers the total oxidation
current density. The interaction between the redox probe and amine groups of PANI and PoPD
is shown in equation (1) for the redox probe and equation (2) for amine groups. °

Fe (CN)s> + ¢ — Fe(CN)s* (1)

2NH: — 2NH* + 2¢ (2)
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To measure the cortisol concentration using the redox activities, the interaction between the
sensing material and redox probe should be reversible without a decrease in current density.
Therefore, the interaction between sensing materials (cort-PANI and cort-PoPD) and the redox
probe was investigated prior to the detection for 50 cycles using CV. Figure 5-6 shows the CV
results of cort-PANI and cort-PoPD toward the redox probe. For cort-PANI (Figure 5-6a), the CV

curve exhibits two sets of redox activity.

40 Cort-PANI toward redox probe Cort-PoPD toward redox probe

°c o =
©o o o

S
o

— 1 cycle

—1 cycle
—— 10 cycles

~——10 cycles
——20 cycles
——— 30 cycles

-40 40 cycles

50 cycles

02 00 02 04 06 702 00 02 04 06
E(V) (vs. Ag/AgCI) E(V) (vs. Ag/AgCI)

=20 cycles
—— 30 cycles
40 cycles
50 cycles

LN
o o

Current Density (mA/cm?)
\\\
Current Density (mA/cm?)

N
(=)

Figure 5-6 Cyclic voltammograms of (a) cort-PANI and (b) cort-PoPD toward redox probe for
50 cycles.

The first redox couple occurring near 0.25 V (vs. Ag/AgCl) indicates the conversion of fully
reduced leucoemeraldine to partially oxidized emeraldine.[263] The second redox peak occurring
with Fe?"/Fe*" redox species is shown near 0.45 V (vs. Ag/AgCl). [314] Figure 5-6(b) shows the
CV curves of cort-PoPD toward the redox probe. It shows one redox peak in the potential range
between 0.2 and 0.3 V (vs. Ag/AgCl), indicating the redox activity with Fe**/Fe** redox species.
Since the current density of cort-PANI and cort-PoPD showed reversible redox activities without
current density decay in the presence of the redox probe, the decrease of current density upon the

addition of cortisol molecules is assumed to be due to the cortisol. The reactivity with cortisol of
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two sensing materials is compared by the decrease of current density. Figure 5-7(a) shows the
response of cort-PANI toward different concentrations of cortisol and Figure 5-7(b) shows the
magnified responses. As cortisol concentration increases, the current density of cort-PANI
exhibited values of 32.158, 31.274, 30.679, 30.126, 29.887, 29.516, 29.296, 28.733, and 28.445,
and 27.828 mA/cm? at cortisol concentrations of 0g, 0.1 pg, 1 pg, 10 pg, 100 pg, 1 ng, 10 ng, 100
ng, 1 ug and 10 ug per milliliter. The detection signal of cort-PANI was calculated to be 0.028 +
0.0076, 0.046 + 0.0042, 0.063 + 0.0078, 0.071 + 0.0053, 0.082 + 0.0119, 0.089 £ 0.0085, 0.107 +
0.0225, 0.116 £ 0.0098, and 0.135 + 0.0211. When the sensing performance was compared to the
non-imprinted polymer (NIP) PANI, as shown in Figure 5-8(a) with the detection signal of 0.046
+0.0054, 0.047 £ 0.0042, and 0.056 = 0.0067 at cortisol concentrations of 100 ng, 1 ug and 10 ug
per milliliter, cort-PANI showed about 2.3 times enhanced sensing performance by the molecular
imprinting. Figure 3(c) shows the calibration curve and regression equation of cort-PANI toward
various concentrations of cortisol between 0.1 pg/mL and 10 ug/mL, assuming the linear
relationship of cort-PANI toward cortisol concentrations. The limit of detection (LoD),
representing the lowest concentration of the target molecule that can be detected, was theoretically
calculated to be 9.48 pM. Figure 5-7(d) and 5-7(e) illustrate the response of cort-PoPD to varying
cortisol concentrations. As cortisol concentration increases, the current density of the oxidation
peak decreases. As shown in Figure 5-7(d), the current density values of cort-PoPD were measured
as 0.431548, 0.386431, 0.376482, 0.35873, 0.341122, 0.318416, 0.293557, 0.235297, 0.211144,
and 0.200278 mA/cm? for cortisol concentrations of 0.1 pg/mL, 1 pg/mL, 10 pg/mL, 100 pg/mL,
I ng/mL, 10 ng/mL, 100 ng/mL, lug/mL, and 10 ug/mL, respectively. The sensing performance
of cort-PoPD sensors was assessed using the detection signal, defined as the change in current

density upon exposure to the target molecule. [268] The calculated detection signals of cort-PoPD
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were 0.081 + 0.0234, 0.111 + 0.017, 0.169 £+ 0.0163, 0.194 = 0.0073, 0.245 + 0.0170, 0.310 +
0.0165, 0.382 + 0.0535, 0.435 £+ 0.0541, and 0.476 £+ 0.0596 for cortisol concentrations of 0.1
pg/mL, 1 pg/mL, 10 pg/mL, 100 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 1 ug/mL, and 10 ug/mL,
respectively. When compared to the non-imprinted polymer (NIP) PoPD, cort-PoPD exhibited
about 4.6 times enhanced sensing performance. As shown in Figure S5(b), the detection signals of
NIP-PoPD at cortisol concentrations of 100 ng/mL, 1 ug/mL, and 10 ug/mL were measured to be
0.071 £ 0.0062, 0.094 £ 0.0011, and 0.173 £ 0.0014. Figure 5-7(f) presents the calibration curve
and regression equation of cort-PoPD for cortisol concentrations ranging from 0.1 pg/mL to
10ug/mL, assuming the linear relationship of cort-PANI toward cortisol concentration. The

theoretical limit of detection (LoD) was estimated to be 5.8 pM.
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Figure 5-7 Responses toward cortisol using (a) cort-PANI, (b) magnified responses, and (c)
Linear plot between electrochemical peak current response to the logarithm of cortisol
concentration (0.1 pg/mL-10 ug/mL), and (d) cort-PoPD, (e) magnified responses, and (f) peak
current response to the logarithm of cortisol concentration (0.1 pg/mL-10 ug/mL).
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Figure 5-8 Cyclic voltammograms of (a) NIP-PANI and (b) NIP-PoPD toward redox probe, 100
ng/mL, 1 ug/mL, and 10 ug/mL cortisol in the redox probe solution

Using the electrochemical sensor, the effect of binding sites on MIPs between amine
groups and cortisol target molecules was investigated. Since the oPD functional monomer has two
amine groups and aniline has one amine group, oPD shows about 1.7 times higher reactivity than
aniline. The binding site effects were further studied using the intrinsic fluorescence of two MIPs
with the confocal microscope. First, the cortisol was labeled with 7-amino-4-(trifluoromethyl)
coumarin dye due to its blue emission wavelength and ability to attack the ketone group without
affecting the binding site hydroxyl group. By labeling cortisol with a blue fluorescence dye, the
rebinding of cortisol to cort-imprinted MIPs was characterized using confocal characterization.
The increasing blue fluorescence intensity was observed with increasing concentrations of dyed
cortisol and assumed to be a detection signal. Figure 4(a-f) shows the confocal image of cortisol-
imprinted PANI in the wavelength of 405 nm before rebinding and after rebinding 2*10”" mM (0.1
ng/mL), 2*10°mM (1 ng/mL), 2*10° mM (10 ng/mL), 2*10*mM (100 ng/mL) and 2*10~ mM
(1 ug/mL) dyed cortisol. The red and yellow fluorescence intensities remained constant regardless
of the increasing concentration of dyed cortisol, while the blue fluorescence intensity increased as

the concentration of dyed cortisol increased. Figure 5-9 shows the blue fluorescence intensity value
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of cort-PANI before and after rebinding different concentrations of dyed cortisol. As the
concentration of cortisol increased, cort-PANI showed a higher intensity value. The blue
fluorescence intensity was calculated to be 335.12+13.144, 426.88+25.050, 487.35+31.501,
551.24+23.621, 644.84+52.724, and 730.04+32.063 toward Og, 0.1ng/mL, 1ng/mL, 10 ng/mL, 100
ng/mL, and 1 ug/mL dyed cortisol. Figure 5-9(g) shows the fitted response of cort-PANI and its
linear relationship after log transformation. It showed a linear relationship with the different
concentrations of cortisol, and the limit of detection (LoD) was theoretically calculated to be
23.5pM. Figure 5-9(h-m) illustrates the confocal images of cort-PoPD before and after rebinding
with the same concentrations of dyed cortisol. All experimental conditions, such as laser power
and measuring wavelength remained the same. Similar to cort-PANI, the red and yellow
fluorescence intensities at wavelengths of 560 nm and 640 nm remained unchanged regardless of
the increasing dyed cortisol concentrations. However, the blue fluorescence intensity increased
with higher concentrations of dyed cortisol, suggesting that this change corresponds to the cortisol
binding. The blue fluorescence intensity before and after rebinding with different cortisol
concentrations was observed. As cortisol concentration increased, cort-PoPD exhibited a higher
blue fluorescence intensity value of 444.11 + 3.664, 489.40 + 18.896, 581.35 + 29.938, 644.77 +
13.443, 714.82 + 22.254, and 813.36 + 31.561 for cortisol concentrations of 0 g, 0.1 ng/mL, 1
ng/mL, 10 ng/mL, 100 ng/mL, and 1 pg/mL, respectively. Figure 5-9(n) presents the fitted
response of cort-PoPD, demonstrating a linear relationship after log transformation. This linear
correlation across cortisol concentrations allowed for the theoretical calculation of the limit of
detection (LoD) at 14.569 pM, representing the lowest detectable cortisol concentration. When
compared to the cort-PANI sensor, the cort-PoPD sensor exhibited 1.61 times lower LoD. As it

was investigated with electrochemical detection of cortisol, cort-PoPD showed a higher detection
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signal than cort-PANI due to the more binding sites in functional monomers. With the fluorescence
detection method, the overall sensitivity of MIP sensors has been decreased. When the molecular
weight of the target molecule increases due to labeling, the resulting steric hindrance can limit the
ability of molecules to interact with its binding site effectively. This can lead to reduced binding
efficiency because the larger molecule may not fit into the binding site properly. [315] Therefore,
the sensitivity decreases with higher LoD values. For the comparison of sensitivity, fluorescence
detection does not require the use of a redox probe and can visually display the binding through
confocal images. Therefore, the study of the reactivity of PANI and PoPD was further validated

using fluorescence detection.
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Figure 5-9 Confocal images cort-PANI (a) before and after rebinding of labeled cortisol (b) 0.1
ng/mL, (c) 1 ng/mL, (d) 10 ng/mL, (e) 100 ng/mL, (f) 1 ug/mL concentrations, and (g) calibration
curve and regression equation. Confocal images cort-PoPD (h) before and after rebinding of
labeled cortisol (i) 0.1 ng/mL, (j) 1 ng/mL, (k) 10 ng/mL, (I) 100 ng/mL, (m) 1 ug/mL
concentrations, and (n) calibration curve and regression equation.
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Conducting polymers (PANI and PoPD) imprinted with cortisol using hydrogen bonding
were compared using both electrochemical and fluorescence sensors. As hypothesized, PoPD,
which contains two amine groups per functional monomer, demonstrated a 1.6-1.7 times higher
response compared to PANI, which has only one amine group in a functional monomer.
Additionally, fluorescence sensors using a confocal microscope were effective for the comparison.
However, the labeling process increased the molecular weight of the target reducing the reactivity
for both sensing materials. Therefore, a selectivity test against other interferences in the body was

conducted using the electrochemical system with PoPD.
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Figure 5-10 The calculated response of cort-PoPD toward interferences based on the change in
peak current values. All concentrations of molecules are 0.025 mM. Inset figure shows the cyclic
voltammograms of cort-PoPD toward different interferences (Glucose, 17B estradiol,
progesterone, and cortisol).

Figure 5-10 presents the response of cort-PoPD toward various interferences, including glucose,
progesterone, and 17B-estradiol. The change in the current density of cort-PoPD was monitored

as the same concentrations (0.025mM) of molecules were added. As shown in the inset figure, the
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current density values of cort-PoPD were measured to be 0.432, 0.379, 0.475, 0.394, and 0.244
mA/cm2 for redox probe, glucose, 17B-estradiol, progesterone, and cortisol, respectively. The
detection signals of cort-PoPD were calculated to be 0.090 + 0.0316 toward glucose, 0.101 +
0.0437 toward 17B-estradiol, 0.089 =+ 0.017 toward progesterone and 0.434 + 0.0594 toward
cortisol. The detection signal of cort-PoPD toward cortisol was approximately 480% of glucose,
430% of 17B-estradiol, and 490% of progesterone. This significant difference indicates that cort-
PoPD demonstrated a highly selective response to cortisol compared to interferences present in the
human body.

The applicability of the cort-PoPD sensor to real saliva samples was evaluated by
comparing cortisol concentration measurements with a commercial enzyme-linked
immunosorbent assay (ELISA). Initially, the optical density (OD) values of the cortisol samples
were measured using calibrators and controls. A 4-parameter logistic (4PL) fitting model was used

to plot the OD values of the standard against different concentrations.
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Figure 5-11 Calibration curve and regression equation of commercial ELISA toward different
concentrations of cortisol (4-parameter logistics model is used for fitting) and cyclic
voltammogram of cort-PoPD toward saliva sample.

116



Figure 5-11(a) shows the ELISA calibration curve and regression equation for cortisol
toward different concentrations (0.1, 0.4, 1.7, 7, and 30 ng/ml). Once the calibration curve and
regression equation were established, a 10x diluted saliva sample was tested. The OD value
obtained from ELISA was 0.443 + 0.0155. This value was calculated to correspond to a cortisol
concentration of 3.23 ng/ml in the saliva sample. Figure 5-11(b) shows the response of the cort-
PoPD sensor to the identical saliva sample. The anodic peak current of cort-PoPD near 0.25 V
(vs.Ag/AgCl) was measured to be 0.4315 mA/cm? to SmM redox probe solution. Upon adding the
10x diluted saliva sample to the redox probe in the buffer, the anodic peak current decreased to
0.3497 mA/cm?. The change of current density upon introduction of the saliva sample was
calculated to be 0.313+ 0.0085, and the corresponding cortisol concentration was determined to
be 3.26 ng/mL using the regression equation. By comparing the results, the cortisol concentration
measured by the cort-PoPD sensor (3.26 ng/mL) closely matched the ELISA result (3.23 ng/mL),
with a difference of less than 1%. This result can confirm the high accuracy of the cort-PoPD

sensor for cortisol in saliva

5.4 Conclusion

In this study, we demonstrated cortisol-imprinted conducting polymers using aniline and
o-PD with high sensitivity and selectivity toward cortisol molecules. The amine groups in both
conducting polymers form hydrogen bonds with the carboxylic group of cortisol during imprinting.
It was hypothesized that two amine groups in 0-PD would exhibit higher reactivity to cortisol
compared to aniline with one amine group. By directly imprinting cortisol onto these functional
monomers through electropolymerization, we simplified the sensor fabrication process by

eliminating the need for redox-active additives or post-treatment steps. The reactivity of two
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functional monomers toward cortisol was systematically evaluated using both electrochemical and
fluorescence sensor platforms. While previous studies of MIPs have predicted the superior
reactivity of o-PD due to its two amine groups, no direct comparison has been conducted. Our
results confirmed this prediction with o-PD exhibiting 1.6-1.7 times lower LoD value compared
to aniline, achieving high sensitivity at the picomolar range. Furthermore, interference validation
with glucose and other hormones in the body demonstrated that the sensor selectively responds to
cortisol. The detection of cortisol in real saliva samples confirmed that the imprinted MIP sensor
offers rapid detection (15 mins) and high accuracy compared with commercial ELISA. These MIP-
based conducting polymer sensors can provide a cost-effective, sensitive, and highly selective
platform for cortisol detection. Their integration into miniaturized paper-based electronics holds
great potential for real-time stress monitoring with high performance showing more than three

orders lower than the typical cortisol concentration in human fluid.

118



Chapter 6

Future outlooks

In recent decades, MICP-based electrochemical sensors have been developed with various
materials to detect critical biomarkers. However, these sensors still have issues with their
successful implementation. [316] In this section, we briefly outline the limitations of MICP-based
electrochemical sensors and propose potential solutions for improvements.

First is the sensitivity of MIPs. Conducting polymers for MICP synthesis provides
beneficial characteristics, such as high electrical conductivity, stability, removal of crosslinking
process, and accessibility to binding sites. However, the simple structure of the monomers
typically offers only a single or double protonated amine group for forming non-covalent
interactions with target molecules. [317] Compared to the non-conducting functional monomers
such as acrylic and silane compounds, the available conducting polymer-forming monomers lack
recognizing functionalities. Therefore, the selectivity and sensitivity of the resulting MICPs can
be lower due to limited functional groups [318]. Despite this limited monomer selection, many
electrochemical sensor applications using MICPs have demonstrated great potential. To further
improve sensitivity and selectivity, a promising approach can be overoxidation at electrode
potentials. This technique involves potentials higher than those needed for electropolymerization
of the functional monomers to form oxygen-containing groups, such as carboxyl, carbonyl, and
hydroxyl groups. The created oxygen-containing functional groups enable hydrogen bonding and
various electrostatic interactions with the imprinted molecules. [319] After the removal of target
molecules, these groups create complementary sites that can selectively recognize the imprinted

molecules. Overoxidation can also assist in extracting imprinted molecules and regenerating

119



binding sites after measurement. [320] For example, overoxidized polypyrrole (Ppy) on glassy
carbon electrodes has been successfully used in sensors to detect Adefovir. [321].

Second, MIP-based sensors lack the ability to recognize macromolecules like proteins.

Figure 6-1 Schematic of epitope imprinting concept (only interacting part for imprinting is
involved in MIP synthesis)(reproduced from [321] Copyright © 2021 License 4.0 (CC BY-NC).).

Macromolecules, like proteins and polypeptides, are less flexible and dense, which makes it
difficult for MIPs to access and leave the imprinted cavities. This leads to reduced MIP selectivity
and sensitivity due to the difficulties in preserving its native state and controlling the orientation
during MIP formation. Furthermore, the removal of large macromolecules and rebinding after
removal can be hindered due to the reduced accessibility. By using MICPs, enhancing accessibility
can help to solve this issue. [322] However, more controlled imprinting should still be established
to achieve easier removal and access of bulky macromolecules. [323] To overcome this challenge,
epitope imprinting has been attempted in molecular imprinting by using small peptides instead of
full protein targets for MICP synthesis. Typically, the chosen peptide reflects amino acid
sequences present on the outermost regions of the protein target and most likely to interact with

the binding site of MICP. [324] As shown in Figure 6-1, imprinting the small characteristic peptide
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enables the imprinted binding sites only with small portions of the protein target, thus avoiding the
challenges associated with imprinting entire proteins, such as size and conformational flexibility.
Since the small epitope is used in place of the macromolecular target during the imprinting process,
an initial study is required to select the most suitable epitope candidate based on the structure of
the protein. [325].

Third is the commercialization and development of point-of-care (POC). The
commercialization and development of the point-of-care (POC) MIP sensors face significant
obstacles. A primary consideration in fabricating MIP-based electrochemical sensors is the use of
soluble redox labels for electrochemical detection in solution, which is impractical for continuous
monitoring. A practical solution is to design electroactive MIP materials that can directly respond
when the target analyte binds to the imprinted cavities. [326] Another challenge in POC detection
is high operating costs and limited portability. Although MIPs are affordable, the necessary
electrochemical workstations are expensive and rely on complex lab instruments. [327] An ideal
POC device should be a compact input-output system, which would greatly benefit healthcare
diagnostics. [328] To support the rising demand for POC testing, more attention should be paid to
equipment miniaturization and multiplexing. Multi-sensing MIPs can be integrated with portable
electrochemical workstations or lab-on-chip platforms, enabling POC test applications using MIPs

in the future.
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