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Chapter 1

General introduction




Sensing the issue (what's the problem?)

As a species we currently hold the capability to analyze any compound that
we desire. Different forms of molecular analysis can be applied to yield specific
information based upon the properties we wish to observe and report. This
ability to harness technology in such a way has shaped the way we tackle
disease, pollution, climate change, and even the human condition. Though an
aspect that has been overlooked is the increasing complexity and subsequent
cost that enables us to develop and utilize these methodologies. This
intellectual and financial freshold is the limiting factor that prevents these
analytical instruments reaching key groups that could benefit from them the
most. The question that then remains is; How do we progress further and
expand past the current state-of-the-art technology while tackling these issues?

The following thesis aims to provide a remedy to this question, highlighting
the field of polymeric receptors known as molecularly imprinted polymers as
a potential solution. To fully understand how this technology is currently
placed, a brief history of chemical sensing is explored before specifically
focusing upon molecularly imprinted polymers and their current applications.

Introduction to chemical sensing

A chemical sensor is defined as a self-contained device that is capable of
reporting analytical data in real time regarding a specified chemical species
present in its proximity [1]. A chemical sensor must therefore execute two
simultaneous functions, the ability to recognize and to transduce. The
recognition element of the sensor must therefore interact with a desired analyte
in a unique manner, yielding selectivity [2]. The transducer thereafter has the
task of converting the presence of an analyte interacting with the receptor as
some form of tangible signal (Figure 1) [3].

The ability to selectively detect and quantify molecular species is an
advancement that has propelled modern day medicine, forensics, analytical
science and chemistry as a whole [4-7]. It is a field of scientific research that is
wide reaching, affecting everyone in some capacity. Small developments in
this area have the potential to cause long term and pronounced changes to our
everyday lives.
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Figure 1. An artistic intereptation of the principles behind a simple chemical sensor,

demonstrating how an event occurring at the receptor layer is then transuced into a
tangible signal.

The field of chemical sensing has arguably always existed in some form,
though the methods that we now utilize are more sophisticated and advanced
than any that have come before. Haber and Klemensiewicz, in the early 1900’s,
are responsible for the inception of the first modern chemical sensing device as
per definition [8]. They introduced the concept of detecting ions with electric
charge, enabling ion recognition with numerous reagents and materials that
have an opposing electrical charge to the analyte in question [9-13]. Refinement
to the sensing material allowed the selectivity of the device to be tailored based
on ionic receptor size and analyte peculiarity, thus the first commercially
available form of the ion sensor was introduced in 1936 together with the
Beckman pH meter [14]. This device exemplifies the use of a receptor in
conjunction with a transducer extremely well, yet it is only the tip of the
metaphorical iceberg of chemical sensing.

Electrostatic attraction is just one of the affinity interactions that can be
exploited in the realms of chemical sensing. Other noncovalent binding
interactions such as Van der Waals interactions and hydrogen bonding can be
used to reversibly bind molecular species, forming complexes with a molecular
species depending the chemical functionalities present [15-17]. Ultimately, the
binding interaction is selected reflecting the chemical properties of the desired
analyte, matching hydrogen bond donors with hydrogen bond acceptors,
positive charge with negative charge, and maximizing van der Waals
interactions [18]. Molecular recognition is not only dependent upon the pairing
of affinity interactions, it is also derived from the orientation of these



interactions relative to the molecular species in question [19]. Conformation
therefore plays a vital role in the development and selection of a recognition
element in chemical sensing devices [20-22].

Biological receptors

Synthesizing recognition elements that incorporate the aforementioned
features is not an easy feat, though inspiration for such materials is easily
drawn from nature [23-25]. Enzymes and antibodies have been using the
aforementioned molecular recognition mechanism for centuries, catalyzing
biological processes and protecting biological systems from foreign pathogenic
invaders [26-28]. Millennia of evolution have therefore generated the ultimate
molecular machines, evolved specifically for the purpose of binding a target
substrate [29]. The direct implementation of antibodies and enzymes was
therefore inevitable, with the glucose enzyme electrode (invented by Leland C
Clark, Jr) being the first of its kind in the 1960’s [30]. The technology coupled a
thin layer of glucose oxidase (GOx) on an oxygen electrode (Clark electrode),
thus enabling an indirect methodology of determining the amount of glucose
present by monitoring the amount of oxygen consumed during the enzymatic
reaction (Figure 2).

This breakthrough was further elaborated on throughout the coming decades,
introducing a moving needle meter in the 1970’s that could indicate blood
glucose levels within a minute, before the eventually being marketed towards
home use in the early 1980’s [31].

Platinum cathode

Insulating cap Silver
electrode
- /

Insulating glass —4——
Glucose and

oxygen-permeable
membrane

Electrolyte —]

Glucose Oxidase

Figure 2. Schematic diagram of a modified Clark electrode, showing how glucose oxidase
can be immobolised into the oxygen permeable membrane and therefore reducing the
amount of oxygen reach the inner electrode and giving an indirect quantification of the
amount of glucose present.
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In the same period, non-meter test strips were introduced to the market,
offering the rapid sensing of the presence of glucose by means of a simple
paper strip that could change colour. Similar to the glucose meter the paper-
based test strips utilize GOx, though extra components such as horseradish
peroxidase (HRP) and 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS) are required for the colorimetric reaction [32]. In essence, the GOx
converts glucose into D-glucono-1,5-lactone and hydrogen peroxide, which
then interacts with HRP and can be seen as a colorimetric change by the
presence of the ABTS. Though extremely rapid and effective, it is argued that
the methodology lacks precision as no readout is coupled with the technology.
This said, the lightweight and portable nature of the format is of inherent value,
meaning that the assay format can be utilized in many scenarios where other
equipment would not be able to operate.

Lateral flow tests (LFT) extended the capacity in which enzymes and
antibodies can be used to detect the presence of an analyte. Their initial
inception was in the 1940’s being derived from paper chromatography, though
instead incorporated varying chemical and biological reagents across a
horizontal substrate that a liquid sample could easily pass over and interact
with (Figure 3) [33]. Their main appeal being complex reactions can be
undertaken without the need for specialized or costly equipment, on small
sample sizes. The home pregnancy test is a prime example of a LFT that has
seen huge success, comprising of a simple plastic body that contains channels
with both mobile and immobilized antibodies.
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Figure 3. Generic scheme for a lateral flow test (LFT) demonstrating how the sample
containing the analyte is introduced to the sample pad, how the analyte interacts with the
enzyme-antibody conjugates, and how a positive test is confirmed by the binding of the
analyte to the immobilized antibodies.

Upon providing a urine sample on the sample pad, the urine flows down a
channel containing enzyme-modified antibodies specific for the hormone hCG.
The modified antibodies bind to the hormone before moving further down the
assay towards immobilized antibodies in the test zone. The immobilized
antibodies in the test zone bind the hCG further, with the enzyme-linked
antibodies already bound to the hCG produces a colorimetric response that can
be observed on the test line of the device [34]. This is just one of many such
devices designed towards the detection of hormones, small molecules, and
other disease markers. The assay can be modified by using different enzyme-
antibody conjugates to introduce a host of quantifiable physical properties (e.g.
fluorophores, chromophores, radioisotopes etc.) [35].

Enzyme-linked immunosorbent assays (ELISA) are another variation of
biological component based sensors, and operate on a similar fundamental
level to LFT’s. The assay formats primarily focuses on the detection of proteins
by use of solid-phase modified-antibodies than can ligate the target analyte.
Enzymes are then incubated with the resulting bioconjugates to induce a
quantifiable colour change (Figure 4) [36]. This format of assay is a prominent
diagnostic tool in the fields of medicine, biotechnology, and industrial quality
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control due to its more complex nature [37]. Multiple variations of ELISA have
been developed (direct, sandwich, competitive, reverse), providing different
analytical approaches depending on the desired analyte and the analytical
matrix in question [38-40].
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Figure 4. Variations of the ELISA (e.g. direct, sandwich and competitive) process for

detecting antigens in aqueous medium.

Besides enzymes and antibodies, in recent years there has been an increase in
the number of biosensors incorporating DNA as a recognition element [41].
This development has stemed directly from our greater understanding of
genomes, and the corresponding tidalwave of raw genetic information there is
to analyze. DNA based biosensors therefore consist of an immobilized probe
DNA that is capable of detecting complimentary DNA sequences by DNA-
DNA hybridization (figure 5) [42]. Classical versions of this methodology exist
in the form of gel electrophoresis and southern blotting, though when
compared with more modern sensing methods these prove time extensive. It
is therefore common place to immobilize the probe DNA on a transducer that
is capable of converting the binding event at the surface into a tangible signal
[43]. One such example of this is Campbel et al. who bound DNA to a polymer
coated piezoelectric crystal, enabling the direct detection of binding events
between the DNA and target species by a Quartz Crystal Microbalance (QCM)
[44]. As the probe DNA interacts with the target species the mass on the crystal
increases, facilitating the change in mass to be registered as a change in the
oscilating frequency of QCM. Other examples include the use of thermal
readout techniques, chromophores, fluorophores, and nanoparticles bound to

13



the probe DNA that can be utilized when trying to detect the binding of a target
[45-47].

Complimentary strand

Probe DNA i

/

Binding event

Transducer

No binding event

Non-complimentary strand

Figure 5. An artistic interpretation of the mechanism behind DNA based biosensors,
demonstrating how the probe DNA would interact with complimentary and non-
complimentary DNA.

Unfortunately, the benefits of evolution only extend towards the biological
systems and environments that facilitated the iteration of these biological
receptors in the first place. The use of biological recognition elements is
therefore preferable under physiological conditions (in general 37 'C and mild
pH conditions), with conditions outside these tolerances impeding the ability
of the biological receptors to function due to denaturation [48, 49]. Positioning
the current state of research firmly at the point of designing bio-inspired
receptor materials that function on the same level as their biological
counterparts, yet do not suffer the same pit falls due to harsh physical
environments [50]. One promising bio-inspired technology is the field of
molecularly imprinted polymers.
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Molecularly Imprinted Polymers

Molecularly Imprinted Polymers (MIPs) are highly crosslinked synthetic
polymeric receptors containing specialised nanocavities complimentary to a
given analyte [51]. These receptors are akin to their biological counterparts,
though do not suffer the effects of denaturation in harsh physical environments
[52]. The crosslinked nature of the polymeric matrix preserves the
conformational structure of the generated receptor sites within the material,
guaranteeing nanocavity integrity and performance [53]. This increased
resilience allows MIPs to be applied to situations that would normally be
impractical, opening a whole host of analytical scenarios where MIPs can be
benefitted from [54-58].

The inception of MIPs occurred in the early 20t century, with research being
conducted on silica pore structures and how their “activation”
(polymerization) with sulphuric acid yielded a positive correlation between
the amount of porous material present and the loading capacities observed
[59]. Further investigation demonstrated that a pattern molecule could be
added to the synthetic process, inadvertently conducting the first molecular
imprinting experiment for the extraction of dye molecules [60]. The
components and terms used in the synthesis of MIPs over the course of the
following decades matured with the technology, with a functional monomer,
functional crosslinker, porogen, template molecule and initiator molecule
being the new standard constituent building blocks of a MIP [61-63]. Each
component plays a critical role, with each component bringing a key facet to
the synthesis that is imperative for the success of the receptor.

The functional monomer provides affinity interactions with the template,
offering ionic, hydrogen bonding, and/or Van der Waals interactions [64]. It is
therefore logical that the monomer selected has complimentary functionalities
to the target analyte, matching acidic with basic functionalities and visa-versa.
Pi-stacking functionalities are also commonplace within the realms of
monomer selection; though tend to be used in a complimentary manner
alongside strong ionic/hydrogen-bonding interactions. Functional monomers
tend to be small molecules that can easily orientate themselves around the
template molecule, optimizing potential interactions and therefore generate
nanocavities with higher levels of molecular interaction (Figure 6) [65, 66].
Another critical feature of the functional monomer is the presence of a single
double bond, thus enabling the integration into a polymeric network under
polymerization conditions by means of strong covalent bonding [67].
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Figure 6. An artistic interpretation of the general self-assembly mechanism for the
formation of the receptor site in the molecularly imprinted polymeric network, and the
extraction of the template molecule leaving a vacant nanocavity.

The functional crosslinker on the other hand focuses less on the functionalities
present, and is more reliant on numerous double bonds that facilitate the
crosslinking (bridging) of the synthesized polymeric chains [68]. It is common
place to select crosslinkers with 2 to 3 double bonds, with the greater number
of doubles forming more rigid polymers [69]. The crosslinkers can also contain
chemical functionalities (amides and esters) that are capable of interacting with
the template molecule, though the interactions are limited due to the
bulker/higher molecular weight nature of the crosslinking agents [70].

Orientation of the functional monomer/crosslinker around the template
molecule can be achieved by simply combining these components in a pot,
though issues arise when components are in different physical states at specific
conditions. To aid this process a porogen is used. In essence, a porogen is a
non-protic solvent that allows pore formation while dispersing all
aforementioned components so they can interact optimally. The porogen
selected should not interact in any meaningful way with the template molecule
or other components, with its only tasking being to dissolve components and
to help form pours within the formed polymeric network [71, 72].

To help facilitate the formation of the polymeric network by free radical
polymerization the presence of an initiator molecule is often required. This
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component is responsible for the initiation of the polymerization process and
is dependent on multiple factors [73]. The main consideration made when
selecting the initiator molecule is the conditons that will be used for activation
(thermochemical /photochemical). These conditions are dependent on the
template molecule being used, with certain species degrading under thermal
or photochemical conditions [74, 75]. The most widely used initiators produce
free radical species when exposed to these conditions, with examples being azo
containing compounds and/or peroxides for the production of MIPs [76, 77].

The most common reagents for the aforementioned components include
methacrylic acid/acrylamide/acrylic acid (monomer), ethylene glycol
dimethacrylate (EGDMA)/trimethylolpropane trimethacrylate (TMPTM)
/divinyl ~ benzene (DVB) (crosslinker)) =~ DMSO  (porogen) and
Azobisisobutyronitrile (AIBN)/benzoyl peroxide (BPO) (initiator), with these
components reoccurring continuously in literature (Figure 7) [78-81].
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Figure 7. Chemical structures of the most common functional monomers, crosslinkers, and
initiator molecules.

One differing consideration in the generation of MIPs is the polymerization
approach selected to produce these synthetic receptors. The driving force
behind this consideration is the particles size and homogeneity of the MIPs
made [82, 83]. The most common approach is bulk polymerization, generating
a monolithic polymer that can be mechanically ground and the template
extracted by means of Soxhlet extraction with strong polar solvents [84].
Though this is the easiest method to synthesize MIPs it is also the most
heterogeneous, yielding massively varying particle size, shapes and affinities

18



to the template molecule [85, 86]. Methodologies that facilitate the generation
of smaller particles are therefore becoming more appealing, with the use of
micro-emulsions and precipitation polymerization on the rise (figure 8) [87,
88]. These approaches can achieve particles size sub-micron, and yield more
homogenous structure [89]. An increased mass transfer between MIP and
target analyte makes these nano-sized MIPs worthwhile, even if their synthesis
is more complex. This said, all these methods are currently considered limited,
and lack scalability in an industrial setting.

Organic phase suspended polymer
g monomercrossiinker, particles
§  template)
] Polymerization
E >
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Figure 8. An artistic interpretation of the differing (emulsion, precipitation, and
monolithic bulk) polymerization approaches.

One approach that has shown potential is the solid-phase synthesis of MIPs,
producing water dispersible nanoMIPs that are highly homogenous and
demonstrate great sensitivity and selectivity towards the template molecule
[90]. The method used to synthesize these nanostructures is also potentially
industrially scalable, fixing a template molecule to a functionalized support
and introducing a polymerization mixture before activation with a UV source.
Low affinity MIP and unreacted material is then washed off the solid support
with cold water, whereas the high affinity MIPs are collected by subjecting the
glass beads to hot water [91, 92]. Thus, highly reproducible water dispersed
nanoMIPs are yielded. The scope of MIPs is vast, with any molecule of a
molecular weight <1000 D being a potential target for traditionally synthesized
MIPs and large peptides with the advancements of solid phase synthesis [93].
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Readout platforms

Development of MIP based chemical sensors does not fall solely on the
advancements of the polymeric receptors, but the adaptation and expansion of
readout platforms that are capable of utilizing these receptors is another key
factor [94]. MIPs have been integrated into many readout platforms but the
most notable combinations are those with a QCM, electrochemical impedance,
thermal techniques, and optical platforms [95-97]. Each sensory platform has
its own benefits and drawbacks, with each performing optimal in a defined
setting [98-102].

Quartz crystal microbalance (QCM)

As previously stated with the DNA based biosensors, a QCM consists of a thin
piezoelectric crysal placed between electrodes. In brief, when a mass is applied
across the piezoelectric crystal the resonance of the crystal is dampened (figure
9), and this effect can be mathematically equated using the Sauerbrey equation
[103]. This platform facilitates the highly sensitive monitoring of mass across
the crystal surface, opening the possibility of functionalising the crystal with
MIPs and monitoring binding interactions as a change in mass. This approach
has been successful for the detection of small molecules, nanoparticles, bacteria
and proteins [104-107]. Issues arise from the deposition of the MIP layer, with
methods currently lacking in reproducibility.

2
2f,
Sauerbrey Equation: Af = =
A{Pqhq
/ \ ( Modified \
Quartz crystal microbalance Modified recognition

elements on the

Side view \ surface of the quartz
crystal

Top down view

Quartz crystal

Gold electrode Circuit

Figure 9. Quartz crystal microbalance (QCM) concept demonstrating an unmodified
version and a modified version with a receptor layer on the quartz crystal.
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Electrochemical impedance

Electrochemical impedance is derived from the classical notion of ohm’s law.
Ohm’s law states that the resitance (R) in an electrical system is a product of
the voltage (v) devided by that of the current (I ) [108]. This relationship only
proves to be true in ideal scenarios, requiring a more broad term known as
impedance that factors in the more complex components that are present in the
real world. It is common place to measure electrochemical impedance by
applying an alternating current (AC) potential across an electrochemical cell
and measuring the change in current (I) as a function of time. This concept has
been extended towards the use in biosensors as receptor layers can be placed
within these electrochemical cells, measuring the electrical impedance across
the receptors [109]. Binding events at the receptor layers cause a shift in the
electrochemical impedance verifying the presence of a target analyte (Figure
10) [110].

Circuit

I I Receptor layer

lectrochemical cell

L

Electrolyte solution

Au Electrode

Figure 10. Principle behind an electrochemical impedance cell, where binding events at
the receptor layer changes the electrical resistance of the cell and therefore the current that
can pass through the circuit.

Thermal readout techniques

Unlike electrochemical or QCM readout techniques, thermal readout platforms
quantify a binding event at the surface of a MIP as a change in temperature or
thermal resistance across a phase interface [111]. The most promising example
of this methodology is the platform reffered to as the “Heat Transfer Method”
(HTM), where the MIP is deposited on a substrate between a heat source below
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and a liquid phase above. The heat source is set to a controlled temperature,
where the flow of heat travels through the MIP coated substrate and into the
liquid phase. A thermal couple is placed in both the heat source and the liquid
phase enabling the temperatures to be monitored. As an analyte binds to the
surface of the MIP, the thermal pathway between the heat source and the liquid
phase is impeded. This increase in thermal resistance across the phase
boundary can be seen as a change in observed temperature in the liquid phase
[112, 113]. This technique was originally developed for the detection of DNA
hybridization as DNA strands have a larger molecular weight and therefore
provide ample thermal resistance upon binding (Figure 11) [114]. The
association of MIPs with this platform came later, with many examples of
analytical targets being monitored with the readout platform. Most notably the
platform has excelled at the detection of bacteria, small molecules
(neurotransmitters), proteins, and other disease markers [115-120]. As with the
other readout platforms discussed prior, the main drawback of this technique
currently lies in the deposition of the MIP receptor layer and therefore lacks
sensitivity and reproducibility in most cases.

Microfluidic Aluminium
Power resistor chamber Flow cell substrate with
\ / receptor layer
/
( N v
o
+ R
/ Copper block Thermocouple
Thermocouple in flow cell
in copper
block Analyte
Vacant binding sites
. ) @ Heat flow
. blocked

Heat Heat

Figure 11. An illustration of the “Heat Transfer Method” analytical setup, demonstrating
the flow cell used during the measurement process, and the thermal principle behind the
technique.
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Optical platforms

Different optical properties can be intergreated into MIPs opening the
possibility of using optical readout platforms to monitor the binding of a target
analyte. The optical readout platform selected for analysis depends upon the
modification that has been made to the MIP, which could include (but not
limited to) the introduction of fluorophores, chromophores, or nanoparticles
[121]. These alterations promote an optical response upon the binding of a
target analyte, be it in the form of a quenching or enahcement type mechanism
(Figure 12) [122-126]. Spectrophotometers are common place in the analysis of
said binding events, though some modifications may allows for naked-eye
detection of analytes (such as the introduction of chromophores) [127, 128].

Quenching mechanism

Incubation with Target binding

small amount of blocks emissions
target

L J
®
— ®©Te © _—.—’ ..
@ Incubation with @
® o large amount of
® target

Fluorescent core

Stimulated fluorescence

Figure 12. An example of a MIP backed fluorescence quenching mechanism, where the
binding of a target analyte impedes the stimulated fluorescent emmisions.

Identifying areas of a methodology which can be improved upon is the key to
merging MIPs into chemical sensors more harmoniously, expanding these
platforms and making them more reliable [129]. Sensory and readout
platforms utilizing MIPs therefore have room to develop further, integrating
MIPs in new and unique ways as their application demands. Furthering this,
there is the potential to use MIPs as both receptor and transducer, removing
the need for electrical based chemical sensors all together.
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Aims and outlines

In this thesis, the synthesis and application of MIP-based sensory platforms
will be investigated. Integrating MIPs as recognition elements in transducer
dependent and independent strategies.

In Chapter 2 the current applications of MIPs in low-cost sensors and assay
formats is reviewed. Analyzing the field for the latest innovations in terms of
imprinting techniques and readout technologies that shows promise in a
research setting and could be of potential value in a commercial setting.
Aiming to identify areas of the current landscape that can be built upon, and
has potential to areas that are not yet investigated. This chapter extended on
the methodologies mentioned in the opening chapter, taking a deep dive into
how these readout technologies play a part in the field of MIP-based sensing
platforms.

Of the methods outlined in the chapter 2 the “heat transfer method” (HTM)
was identified as a platform of interest, offering a simplistic method (thermal)
of transducing a binding event at the MIPs surface into a tangible signal. The
technology has shown promise in the sensing of bacterial species, alongside
the detection of neurotransmitters in the past. Therefore, in Chapter 3 the use
of the HTM in the sensing of New Psychoactive Substances (NPS) is proposed,
offering a cheap and rapid way of detecting novel illicit substances. The work
presented builds develops the implementation of MIPs as the polymeric
receptor layer, taking a direct surface grafting approach opposed to the
implementation of the MIPs via a polymeric adhesive. Thus, the sensitivity of
the platform is assessed in comparison with the standard deposition protocol,
optimizing layer thickness, and polymerization time for the best possible LoD.

The development of rapid sensing with MIPs does not have to require the
coupling of an bulky readout methodology. Considering the use of traditional
sensing platforms that utilize lateral flow assays, ELISA, testing strips and
more for colorimetric verification, they do not rely on bulky readout
technologies for in-the-field-testing. The approach was therefore investigated
in chapter 4, designing a MIP-based dye displacement assay that would allow
visual verification of a target’s presence. The boon of this setup being the lack
of electrical components, reducing the size and therefore weight of the MIP-
based sensor. By producing a powder that can selectively bind a target and
provide an instant colorful visual confirmation is a technology that can be
understood and interpreted by anyone. This concept therefore has high value
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for in-the-field-testing as equipment is limited, making it ideal for the rapid
screening of compounds in numerous situations.

Previously, the MIP-based dye displacement assay was designed for the rapid
detection of NPS, but such an assay would be of benefit for the detection of
traditional drug compounds. Chapter 5 extends the concept towards the
detection of amphetamine, widening the proof-of-concept from a model NPS
to a compound that is widely known and abused. The context in which the
assay is used was further extended by using the platform for the rapid analysis
of amphetamine spiked urine samples. Highlighting the colorimetric nature of
the assay is persistent even in a “complex” liquid matrix.

Substances of abuse are not the only compounds that have social impact,
environmental contaminents are a key area of research that affect us all. In
particular, the presence of antibiotics in the environment is an increasing issue,
with the increased concentrations of these compounds leading to resistant
bacterial strains that threaten the very basis of health care. Developing low-
cost rapid sensors that are capable of detecting antibiotics in waste, food
products and environmental samples is therefore essential in regaining some
control of the amount fo these substances unknowingly released into the wild.
Chapter 6 attempts to provide a MIP based olution for this crisis, tailoring the
aforementioned dye displacement assay towards the antibiotic amoxicillin.
The research presented in this chapter offers a more elegant homogeneous
method of MIP synthesis, adopting emulsion polymerization for the
generating of microspherical MIP particles. The complex structural nature of
amoxicillin in comparison to prior targets enables a comparison of potential
complimentary functional monomers, incorporating intelligent compositional
design to compliment the more sophisticated polymerization technique.
Expansion of potential dye molecules are also discussed in this paper,
highlighting the use of mordant orange as a reporting molecule.

Finally, chapter 7 summarizes the research outlined throughout the thesis,
discussing and scrutinizing the results obtained.
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Chapter 2




Review paper preface:

Over the decades since the first MIP was reported, the field has seen an ever
increasing amount of new knowledge being brought forward and propossed.
This knowledge has new and innovative methods of synthesizing and
applying these polymeric receptors, leadings to a wealth of untapped
information. As with all research areas, this information has to be reviewed
and key areas identified that can be built upon and selected for further
development. Therefore, the following chapter will endevour to search current
litteriture for developments in the area of low-cost MIP-based sesnors and
assay formats. These being of key interest as to understand the state of the field
and to find a niche that can be developed on. Identifying sensory platforms
that can be adapted and manipulated to new compounds of interest is only one
aspect that has to be considered. As with all modern technologies there is the
burning question of commercialization, and of recent there are very little
commercial applications of MIPs. Some would argue the commercialization of
technologies is what drives their development in the first place, but for the
initial commercialization there has to have been a sufficient amount of research
and development already conducted. The review therefore also highlights
some of the key drawbacks that are preventing current MIP-based platforms
from making that crucial jump from research to commercial application,
alongside highlighting the new developments behind the discussed platforms.
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Abstract:

In recent times, there has been increasing demand for point of care (PoC)
analytical devices that offer users easy and rapid confirmation of the presence
of an analyte of interest. The most famous and widely used examples for home-
based PoC testing are the pregnancy test and the glucose meter, invented in
the 1960s and commercialized in the 1970s. Since then, lateral flow assays and
strip-based electrochemical devices have become the basis of handheld sensors
and tests that entered the commercial market. Although antibodies and other
bioreceptors offer the inherent benefit of highly specific interaction with their
target, the increasing demand of cheaper, more robust receptors has led to the
exploration of alternative molecular recognition mechanisms and
technologies. Molecular imprinted polymers (MIPs) have emerged over the
past few decades as interesting synthetic alternatives due to their long-term
chemical and physical stability and low-cost synthesis procedure. They have
been integrated into many sensing platforms and assay formats for the
detection of various targets, ranging from small molecules to macromolecular
entities such as pathogens and whole cells. In this review, we zoom in on the
commercial potential of MIP technology and aim to summarize the latest
developments in their commercialization and integration into sensors and
assays with high commercial potential.

Keywords: Molecularly imprinted polymers, diagnostics, biosensing, lateral
flow assays, commercialization
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Introduction
Introduction to Molecularly Imprinted Polymers

The field of point-of-care (PoC) diagnostics has been rapidly developed over
the past few decades by the introduction of novel sensing technologies and
arrays such as the home-pregnancy test or the portable glucose sensors for
diabetes patients [1, 2]. The core component of these novel technologies
consists of bioreceptors that drive the selective recognition of the target-of-
interest. Although bioreceptors are very powerful recognition elements due to
the high affinity they inherently display for their target, their limited stability
and relatively high-cost synthesis procedure have resulted in an increased
research focus on the development of synthetic alternatives.

A kin to enzymes and antibodies, molecularly imprinted polymers (MIPs),
might provide an answer. MIPs are artificial highly crosslinked polymeric
receptors that are engineered towards the binding of specific analytes. This
binding interaction is facilitated by nanocavities that are disturbed throughout
the synthesized polymeric network, reflecting the conformation and chemical
functionalities of the imprinted molecule or species [3-6]. The crosslinked
nature of the polymer gives rise to distinct physical advantages over their
biological counterparts. Enabling MIPs to resist harsh physical conditions
(extreme pH and temperatures) that would render biological receptors useless
[7-9]. This has led to MIPs being deployed into numerous fields, including
chemical separation, chromatography, affinity materials for sensors, binding
assays, catalysis, and sorbents for solid phase extraction, to name just a few
[10-17].

A brief history of MIPs

The concept of molecularly imprinting can be dated back as far as the 1930s,
with the basic principal involving the formation of a polymeric network
around a small extractable template molecule to leave a complementary
nanocavity was noted [18-20]. Most commonly, the imprinting process is
conducted by introducing the template molecule to functional monomer and
functional crosslinking agent, before initiating polymerization by the addition
of a photo/thermal initiator and the requisite conditions [21-24]. The template
can then be extracted by means of mechanical grinding and solid phase
extraction by prolonged washing with protic solvents [25-27]. (Figure 1)
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Figure 1: A generic schematic demonstrating the fundamental principles behind the
synthesis and extraction of a MIP.

Altering reagent ratios, monomer and crosslinker chemical compositions, and
method of polymerization enables MIPs to be tailored towards a desired
application. Particle sizes tend to be the driving force behind the selection of
these parameters, with smaller particle sizes offering enhanced surface area
and potentially greater binding properties. Over the years, polymerization
techniques have become more sophisticated with methods such as bulk and
suspension polymerization offering particle sizes ranging mid to low microns
[28-30], whereas micro emulsions and precipitation polymerization offer low
micron to sub-micron particle sizes [31-33]. These methods were developed
throughout the late 20™ century, with smaller particle sizes becoming more
attractive towards the turn of the century. With smaller nanoparticle sizes
offering a greater array of applications, advancing the synthesis of MIPs
further. The development of solid phase synthesis ushered in the capability of
reliably reproducing particle sizes in the nanometer range, offering the first
reliable method of producing consistently performing MIPs [34-36].

Homogeneity in particle sizes are not the only benefits to gain from the
advancements made in the field, with the imprinting process itself also being
improved. Traditionally small molecules were the main target for MIPs,
proving easy to imprint due to their relatively meager size. The imprinting of
large molecule such as proteins, fatty residues and even cells was deemed less
efficient and complex. Therefore leaving MIPs developed for the sensing of
these molecules relatively unexplored. This however changed with the
introduction of solid phase synthesis, as the target molecule was now
immobilized on a substrate rather than dissolved or dispersed in solution [37,
38]. This immobilization process therefore opened the door for the imprinting
of larger molecules, with key epitopes of the aforementioned targets now able
to be imprinted [39]. This revelation allowed the field to develop further,
adding the capabilities of MIPs to sense complex biomarkers (e.g. cancer cells)
and offer the potential of sensing more diseases [40, 41].
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MIP technology for chemical sensing

The idea of integrating MIPs as selective recognition layers in sensing devices
and assays emerged in the 90s, coupling MIPs to traditional biosensor readout
technologies that act as transducers translating molecular binding into a
measurable signal [42, 43]. Advancements in MIP synthesis procedures, micro-
electronics and computation have accelerated this evolution over the past
twenty years, with many new sensor and assay platforms emerging [44-46]. A
variety of approaches ensued, with readout methods including but not limited
to quartz crystal microbalances (QCM), electrochemical sensors (e.g.
capacitance, resistance, conductivity, potential difference, etc.), and thermal
methods ( e.g. the so called “heat transfer method”) [47-53]. The combination
of MIPs and their associated readout platforms has facilitated the analysis of
many different mediums (e.g. urine, blood, wastewater, soil samples, etc.) for
a whole host of analytes [54-59]. Device sensitivity and limit of detection (LoD)
is therefore situationally dependent on the technique and MIP employed. This
deviation in sensing capabilities has meant not one MIP readout combination
has been elected superior, with certain techniques favored in specific situations
[60-63]. Despite the fact that all MIP-based platforms offer the advantage of
low-cost, straightforward receptor synthesis and increased physical and
chemical stability, commercialization seems to remain tricky.

Part of the complexity of commercializing MIP-based sensors might lie in the
combination of mass producing reproducible polymer batches and integrating
them into handheld readout devices. However, assays can offer an alternative
to the latter. Rather than coupling a MIP receptor layer to a transducer, a MIP
can be further modified to exhibit effects that can be observed by the naked
eye. A diverse array of systems have achieved this ability using fluorophores,
dye molecules and nanoparticles to create visually identifiable assays for a host
of molecules [64-66]. This version of MIP based analysis is aimed towards semi-
quantitative / qualitative analysis, offering the capabilities of in the field-
testing.

Although MIP-based assays have shown to be competitive in terms of
specificity and sensitivity with state-of-the-art competitive assays such as
ELISA and are compatible with e.g. lateral flow lab-on-a-chip technology, the
commercial potential of these assays is yet to be fully exploited. In this review,
we want to highlight the latest advances in MIP-based sensor and assay
development and focus on commercially interesting platforms. We want to
focus on the bottlenecks in translating commercially viable research outcomes
to market-ready products and illustrate how the emergence of commercial
enterprises that focus on mass-producing reproducible, highly selective MIP
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batches can accelerate the development of commercial MIP-based biosensors
and assays in coming decades.

MIPs are receptors in biosensors

As previously mentioned, MIPs can be combined with a wide variety of label-
free readout techniques to create sensor devices for the detection of an
essentially unlimited number of analytes-of-interest. This has led to nearly
three decades of academic and applied research on incorporating MIPs into
sensor prototypes. However, not all of these methods prove currently
commercially viable due to several potential bottlenecks: the research is not
advanced enough, the method lacks reproducibility, or the cost of
commercialization is not feasible. In this article, we will summarize the most
recent advances in MIP-based sensing and focus on technologies with a large
potential commercial impact.

Electrochemical readout

The first fully integrated biosensor device was invented by Clark and Lyons in
1962 and has evolved into one of the most striking success stories in the history
of biosensing. Glucose sensors have evolved from enzyme-modified Clark
electrodes for amperometric glucose detection to wearable glucose meters
combined with continuous insulin administration that have drastically
changed the life of diabetes patients [67]. This evolution has led to a lot of
research focus on integrating MIPs into electrochemical sensor platforms based
on e.g. field-effect transistors, chemiresistors or amperometric, voltammetric,
impedimetric, capacitive and conductometric readout principles [68]. In order
to combine MIPs with electrochemical readouts the polymers need to have
conductive capabilities themselves, or be attached to a conductive reporting
layer. Carbon nano-tubes, conductive polymers (e.g. polypyrrole,
polydopamine, polyaniline), and metallic nanoparticles are among the
accepted methods of incorporating this trait [69]. Electrochemical MIP-sensors
are extremely powerful and have shown to be capable of analyzing samples in
all phases, though gaseous and liquid samples are preferable [70].

Conductometric and impedimetric sensing

Conductometric measurements rely on the time dependent monitoring of the
conductivity of the MIP receptor layer, with the binding of a target analyte
changing the concentration of ionic species at the solid liquid-interface [71].
Conductance measurements are relatively straightforward to perform and
require little instrumentation, making the technology interesting from a
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commercial point-of-view. However, to date only a limit number have of MIP-
based conductometric sensors have been developed [72-74]. Exploiting the
change in ionic concentration of solid-liquid interfaces is usually done by
electrochemical impedance spectroscopy (EIS). EIS analyzes the impedance of
a system in dependence of an AC, analyzing capacitive and inductive effects
in addition to the purely resistive system, DC system used in conductometric
sensing [75]. This makes EIS a powerful analysis tool, which has been
extensively studied as a transducer mechanism in MIP-based sensing [76-78].
The compatibility with wire-based sensing and miniaturization using
microelectronics makes EIS useful for PoC in vivo diagnostics, a characteristic
that was exploited by Wackers et al. for the monitoring of histamine
concentration in intestinal fluids. They coated titanium electrode wires in a
catheter with an adhesive polystyrene layer onto which they immobilized both
MIP and non-imprinted particles by dip coating in order to obtain a differential
measurement setup (see Figure 2) [79]. The resulting sensor was able to detect
histamine in intestinal fluid in physiologically relevant concentrations,
illustrating the potential of MIP-based sensing for in vivo monitoring gastro-
intestinal disease markers.

MIPs have also been extensively studied as receptors for in vitro diagnostics
with an interesting breakthrough being recently reported by Cai et al. They
coated arrays of carbon-nanotube tips with MIP layers for the detection of
papillomavirus-derived E7 protein [80]. Although the research is still
somewhat on the fundamental side, the ultra-low detection limit in the
subpicogram per liter range, makes the application commercially intersting in
terms of diagnostics but also as a tool to monitor and study infectious diseases,
a field that is highly relevant within a post-pandemic society.
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Figure 2: Thermocouples were coated with MIP particles by dip-coating a polystyrene
layer onto a copper-welded titanium catheter wire (left). Two wires were coated with MIP
particles, two with NIP particles and integrated into one catheter (middle), allowing for
the impedimetric detection of histamine in intestinal fluid (right). Figure reproduced from
[79] with permission. Copyright Elsevier 2020.

Voltammetry and amperometry

Voltammetric approaches are highly interesting for bio(mimetic) sensing due
to their versatility and low noise, enabling sensor engineers to develop devices
with high sensitivities [81]. These methods typically make use of three
electrodes (working, counter and reference) with an aqueous electrolyte inside
a defined electrochemical cell. The voltage is swept within a defined range and
the resulting current is monitored in time in response to increasing
concentrations of the analyte of interest. An interesting characteristic of the
method is that it enables the simultaneous detection of multiple analytes (if
they give rise to current peaks at different voltages). Other advantages of
voltammetric sensing are the compatibility with aqueous biological samples

44



and the fact that the electrodes do not have to be noble metals with many
applications relying on e.g. carbon-based electrodes [82-84].

Electrochemical interferences can be suppressed by methods such as
differential pulse voltammetry (DPV) and square wave voltammetry (SWV),
while also increasing the sensitivity towards the desired analyte. Zhang ef al.
illustrated the potential of DPV for in vivo monitoring of lactate levels in sweat,
an application that can be useful for e.g. monitoring athletes during training
and studying their performance [85]. They managed to immobilize MIP
recognition layers on a mesh of silver nanowires in a wearable patch by
electropolymerization (see Figure 3). The patch, consisting of the electrodes
and a miniature PDMS flow cell were connected to a DPV analyzer and
allowed the researchers to analyze the lactate levels of a test person during
exercise in clinically relevant concentrations (higher nM range). In this way,
the sensor has demonstrated to be competitive with biosensor platforms and
diagnostic techniques that require sampling and analysing lactate
concentration in vitro. This work demonstrates that MIPs are compatible with
the trend of wearable detectors for personalized medicine. Other voltammetric
MIP sensors have been developed in recent years with high commercial
potential for application in various fields including cancer diagnostics [86], soil
contamination screening [87], water monitoring [88], and food safety [89].

Amperometric methods are a subset of voltammetric approaches that operate
at a fixed, optimal potential. The analyte becomes trapped by a MIP and is
reduced or oxidized at the operating potential, generating a current that is in
proportion to the concentration of the analyte of interest [90]. Amperometric
sensors have been the basis of most commercial glucose meters due to the
combination of the advantages of voltammetry with the simplicity of working
at a fixed potential, allowing miniaturization and straightforward signal
processing. The incorporation of amperometric platforms have been studied
almost immediately after the early start of the focus on MIP-based sensing in
the mid-90s leading to many interesting detection platforms in various fields
[91-93]. In a more recent study, Yang ef al. imprinted poly(acrylonitrile-co-
acrylic acid) layers with bisphenol A. They demonstrated the detection of the
endocrine disruptor in seawater and paper cups with sensitivities comparable
to LC/MS/MS [94]. Other amperometric MIP sensors have demonstrated
potential for the detection of prostate cancer markers [95], d-mannitol [96], and
antibiotics [97].
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Figure 3: Lactate MIPs were made on top of a patch containing silver nanowires by
electropolymerization (top). This patch, containing an integrated PDMS flow cell and a
measuring chamber were attached to a test person’s arm, allowing to monitor lactate levels
in sweat. Reproduced with permission from [85]. Copyright Elsevier 2020.

Field-effect transistors

Field-effect biosensors typically consist of a semiconductor path separated by
two conducting electrodes, the drain and the source. A third electrode, the gate,
is used to apply a bios voltage over the sensor. The receptor layer is usually
attached to an insulating layer (polymer, metal oxide...) covering the semi-
conductor path between the source and drain. Capture of the target by the
recognition layer, will change the charge density on the solid-liquid interface,
thereby directly influencing the conduction path between drain and source
that can be electrically monitored [98]. The method offers a highly sensitive

46



detection platform that was utilized by Dabrwoski et al. for the detection of
human serum albumin (HSA), a marker for liver and kidney disease [99].
Bithiophene  MIPs were created on SiO2 nanoparticles by
electropolymerization. The FET-chemosensor was able to detect HSA in sub-
clinical femtomolar levels, providing a non-invasive alternative for the current
gold standard test that requires the drawing of blood from patients. An
albumin test is rarely done in isolation and usually part of a larger
investigation of a patient blood study, making a test for albumin not
commercially interesting on its own. However, the study does provide an
excellent proof-of-principle for the detection of proteins in blood and urine and
multiplexing the platform might provide a commercially interesting
alternative for traditional lab tests. The same group has demonstrated similar
results, using the sensor for the detection of human chorionic gonadotropin
hormone, illustrating its potential application in home-pregnancy testing, and
d-arabitol for fungal infection diagnosis [100, 101]. Other groups have used
FET-based MIP sensors for the detection of prostate specific antigen in human
plasma [102], glucose in buffer [103], and gluten in food products [104].

Acoustic wave devices

Acoustic wave sensors utilize piezoelectric materials, typically quartz, to
generate an acoustic wave over the surface of a functionalized surface. An
acoustic wave vibrating at a resonance frequency is created by making use of
an appropriate electrical field over the sensor substrate. Depending on the cut
of the piezoelectric material, the wave can travel along the surface of the sensor
(surface acoustic wave or SAW devices) or away from the surface to the bulk
of the substrate (bulk acoustic wave or BAW devices) [105].

Sensors based on SAW devices typically analyze the propagation of a wave
over the surface of a piezoelectric film between two interdigitated transducers.
SAW resonators for MIP-based sensing have been reported on in a limited
amount of publications throughout the years [106-109]. In 2017, Mazouz et al.
combined imprinted polypyrrole layers with SAW technology for the ultra-
sensitive detection of glyphosate [110]. They managed to detect the herbicide
in concentrations down to the picomolar concentration regime with limited
cross-selectivity observed towards common competitors, illustrating the
potential of the sensor to address a present-day hot topic in environmental
monitoring. Earlier this year, Kidakova et al. reported on a similar device [111].
They immobilized protein markers for neurological diseases onto gold SAW
sensor chips and electropolymerized a layer of m-phenylenediamine to create
a mold of the protein on top of the sensor substrate. Shear acoustic waves were
generated by a radio-frequency signal and the observed phase shift was

47



observed to analyze mass loading on the sensor surface. Although the study
was conducted in buffer solution, the results are highly promising from a
diagnostic point-of-view, illustrating that the sensor is capable of
distinguishing between cerebral dopamine neurotrophic factor and its
homologue at concentrations in the sub-pg/mL range. This indicates that the
sensor is competitive with state-of-the-art ELISA platforms and is able to detect
protein markers within or even below the clinically relevant concentration
regime.

The amount of BAW devices for MIP-based sensing that have been developed
heavily outweighs the number of MIP sensors based on SAW technology. This
finding can mainly be attributed to the popularity of quartz crystal
microbolances (QCM) that have formed the basis of hundreds of publications
on chemical sensing in the past twenty years [112-114]. A QCM utilizes a slim
piezoelectric quartz crystal that is sandwiched between two circular metal
electrodes, which vibrates at a resonance frequency by applying an alternating
current field. As the mass on the surface increases (Am) (ng), a proportional
change in resonance frequency (Af) (Hz) can be observed, as described by the
Sauerbrey equation (mass sensitivity constant (C) (ng cm2 Hz1)) [115];

Am = —CAf

MIPs are coated onto the surface of the crystal offering the possibility of real-
time measurements in both the gaseous and liquid phases [116-119]. When a
binding event occurs between the MIP and the target molecule, the change in
mass at the surface causes a shift in the resonance frequency. This makes QCM-
based sensors particularly interesting for detecting macromolecular targets
such as proteins [120-122], viruses [123-125], bacteria [126-128], or whole cells
[129, 130].

In 2018 Battal et al. developed a sensor for the detection of synthetic
cannabinoids [131]. The QCM-based sensor displayed excellent selectivity for
several commonly encountered cannabinoids and was able to detect them in
spiked synthetic urine samples in concentrations down to the sub-pg/mL
concentration regime (Figure 4). The sensor is commercially very interesting as
it can find applications in various fields including clinical toxicology, forensic
research and law enforcement, as these very addictive, potentially life-
threatening designer drugs are flooding both the illicit and legal drug market
[132]. Additionally, they are hard to detect using current drug tests, as drug
producers tend to change their structure rapidly to avoid prosecution.
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Figure 4 QCM-based detection of 4 different cannabinoids JWH-018, JWH-073, JWH-018
pentanoic acid and JWH-073 butanoic acid respectively A-D). The data show that it is
possible to quantify these compounds in synthetic urine down to concentrations in the
pg/mL range. Re-used from [131] with permission. Copyright Elsevier 2018.

MIP sensors based on QCM technology also have potential in personalized
medicine as evidenced by a publication of Chunta et al. in 2019 [133]. They
constructed a MIP sensor capable of detecting high-density lipoprotein (HDL)
cholesterol in the clinically relevant concentration regime. Their sensing
platform showed little to no cross-selectivity towards other (lipo)proteins in
blood and displayed and excellent correlation with the colorimetric enzymatic
test that is considered to be the golden standard. In addition, the sensor does
not require sample pre-treatment and is therefore a lot faster than the latter.
The authors then integrated this sensor into an array along with their
previously developed sensor for low-density lipoproteins (LDL) to deliver a
proof-of-concept for a multiple analyte self-test for metabolic syndrome [133,
134]. Other interesting sensor platforms have recently been developed for
application in food safety [135-138], environmental screening [139-141], and
pathogen detection [142, 143].

Thermal readout

The development of thermal methods that incorporate MIPs is a relatively
untapped resource, and only over the last decade, the prospect of a thermal
read-out has begun to be explored [144]. Initial publications exploring MIP-
based thermal methods are spars, with the first thermal MIP sensor with high
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application potential outlined by Lettau et al. [145]. This paper outlined how
phenylacetate could be catalytically converted using a column packed with
MIPs, leading to an increased temperature observed in the collected filtrate
from a flow reactor. A follow up to this work introduced the first MIP-based
thermistor in organic solvent, with binding events to the MIP observed as an
exothermic peak signal that appears after the injection of an analyte. The paper
then further elaborated on the differences that could be witnessed between the
MIP and NIP, generating thermal readings in a similar manner seen to a
traditional batch rebinding experiment. Similar platforms have been
developed by the same group over the years [146-148].

A more direct thermal method emerged in 2012 when van Grinsven ef al.
reported on a novel thermal method for the identification of DNA point
mutations using DNA melting curve analysis [149]. It was discovered as the
temperature of DNA increases it undergoes a defined conformational change,
increasing the surface area of itself by nearly 150%. This observation was
known to increase the electrical resistance in the system, but the increase in
thermal resistance was unreported. The readout technology was soon
combined with MIPs for the detection of low-molecular weight compounds
[150-153] as well as macromolecular targets including proteins [154],
mammalian cells [155-157], and microorganisms [158-160] in various matrices
including wastewater, urine and blood.

The method controls the input temperature underneath the sample in a
stringent manner, while passively monitoring the temperature in the liquid
measuring chamber above the sample passively in time. Binding of the target
to the solid-liquid interface leads to an increase of the thermal resistance, which
can be measured as either a decrease of the temperature inside the flow cell
(constant input temperature) or a phase shift on the transmitted thermal wave
[161]. The method offers a very low-cost readout platform, which requires little
instrumentation, but the sensitivity of the system is restricted. The main
problem associated with this technology is producing the receptor layers, with
imprinting tricky to standardize in terms of mass-production and receptor
immobilization.

In 2017, the technology was taken one step further towards commercialization
by coating thermocouples with bulk imprinted MIP particles imprinted with
cortisol and serotonin (see Figure 5) [162]. An adhesive layer was immobilized
on the thermocouple and MIP particles were attached to the layer using dip-
coating, enabling to directly detect neurotransmitters in liquid samples
without the need for planar functionalized substrates. These findings open up
the possibility of integrating thermocouples into e.g. catheters for the direct in
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vivo detection of small molecules. More recent research, focused on improving
the sensitivity of the technology by directly grafting MIP receptor layers on
planar electrodes for the detection of designer drug molecules [163]. Last year,
Cornelis et al. reported on a new update from the readout technology side; they
improved the detection limit of the methodology by two orders of magnitude
by using a printed meander-structure as a heater and sensing element directly
underneath the receptor layer [164]. The temperature inside the flow cell was
monitored by a thermopile, enabling them to detect E. coli in apple juice in
concentrations down to 100 CFU/mL.

MIPs NIPs
PLLA coating PLLA coating
Thermocouple Thermocouple
<> DAMIPs o Dopamine O NIPs < Dopamine
Power resistor N Power resistor
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Figure 5 Thermocouples were dip-coated with a poly-lactic acid adhesive layer and roll-
coated with MIP particles. These thermocouples were used to detect the presence of
various neurotransmitter in buffer. Re-used from [162] with permission on an open-access
license agreement, Copyright American Chemical Society 2017.

Optical sensors

Optical sensing principles have been extensively used as transducers in a wide
variety of MIP-based sensing devices and assays [165-167]. This group of
detection platforms is quite heterogeneous and it is often hard to mark the
border between sensors and assays. An example operating at the border of
both would be a lateral flow assay connected to a surface plasmon resonance
(SPR) analyzer. For the sake of simplicity, we will only discuss the direct
detection of analytes on a sensor surface in this chapter, while all platforms
that are based on luminescence, fluorescence or fluorescence quenching, dye
or label displacement, enzymatic, pseudo-enzymatic or non-enzymatic color
reactions and similar principles will be discussed in the next chapter as part of
MIP-based assays.
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SPR can be considered as one of the most powerful, and therefore popular,
readout technologies and has been combined with MIPs for the detection of
microorganisms [168, 169], amino acids, peptides and proteins [170-172],
dangerous explosives [173-175], antibiotics [176-178] and other low-molecular
weight compounds [179-183]. Detection upon rebinding of the target is based
on changes in electron density at the surface of the sensor chip. Ertiirk Bergdahl
et al. reported on the development of a biosensor with high diagnostic potential
last year [184]. They used microcontact printing to imprint tyramine layers on
gold electrodes with secreted bacterial factor (RoxP). In this way, they
managed to detect RoxP in sub-nanomolar concentrations with limited
interference from other proteins. They used this sensor to detect RoxP in skin
swabs (Figure 6) and validated the results using ELISA, thereby highlighting
the potential applicability of the sensor in diagnostics. Other recently
developed SPR-MIP sensors were used for the detection of anticancer drugs
[185] and cardiac biomarkers [186].

Surface-enhanced Raman Spectroscopy (SERS) is another tool that has been
used as an optical transducer for the direct detection of target-MIP rebinding
at solid-liquid interfaces [187, 188]. SERS is particularly interesting because of
its ultra-sensitive detection mechanism that allows for the detection of analytes
in the femtomolar range [189]. Interesting applications using SERS-based
sensors have been developed in recent years mainly focusing on food safety
and environmental monitoring [190-193].
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Figure 6: Gold SPR chips were coated with MIPs for the quantification of secreted bacterial
factor (RoxP). Skin swabs were taken at various positions on the bodies of two female and
one male volunteer and the MIP-based SPR sensor was able to detect RoxP on all positions
with results being validated using a golden standard ELISA test. Adapted from [184] with
permission. Copyright American Chemical Society 2019.

Bottlenecks commercialization MIP sensors

Despite tremendous advances in both imprinting technology and micro- and
nano-electronics, commercially interesting MIP-based sensor platforms have
only been reported on in a research setting. The valorization process,
translating lab-based technology to the market is complex and in addition to
commercial bottlenecks, which will not be studied in detail in this manuscript,
many technical challenges need to be overcome to turn MIP sensors into true
competitors for commercial biosensors, molecular diagnostics and traditional
lab analysis.

From the device side, technical issues can lay either in creating handheld or
user-friendly portable systems or in the creation of disposable, functionalized
electrodes. The former is illustrated by the fact that handheld portable glucose
meters are usually based on a straightforward conductiometric readout
platform that allows for easy miniaturization and relatively simple calibration.
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However, physiological glucose levels are typically in the millimolar range and
creating sensors for other compounds might require higher sensitivities that
require other readout principles that operate in the (sub-)nanomolar regime.
With the field of micro- and nano-electronics rapidly expanding, commercial
enterprises are coming up with simplified handheld/portable solutions:
Palmsens offers portable alternatives for the high-end impedance analyzers by
HP or Ziirich Instruments for lab analysis. Similar trends can be observed for
e.g. QCMs and SPRs with companies like Aspectus and OWLS building
portable low-cost alternatives for high-end lab equipment offered by
respectively QSense and Biacore (GE). As these devices will improve, the
chance of companies not only offering platform technology but also integrated
devices for specific biosensing applications will increase.

The authors of this paper are also working on founding a company, SENSIP
BV, based on their thermal sensing technique. Both the possibility of creating
a commercial readout platform and developing specific sensor applications are
being explored. Therefore, apart from miniaturizing readout design and
upscaling device production, a lot of R&D budget will be devoted to creating
reproducible functionalized electrodes. In terms of particle immobilization
onto wire-based or planar electrodes, research focuses on various angles
including dip-coating, roll-coating, electro-polymerization, surface grafting
and roll-to-roll imprint lithography. An even more challenging third
bottleneck that can be identified lies in the reproducible creating of large
batches of MIP particles or layers. Achieving homogeneity in both
morphological characteristics as binding affinity is a complex tasks and makes
it hard to get rid of inter-batch variability, which is obviously detrimental in
terms of creating commercial sensor applications.
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Low-cost MIP assay formats

A possible alternative to integrated sensor devices that can address some of the
proposed bottlenecks lays in the use of MIPs as recognition elements in assays.
Although both terms are often used interchangeably in literature and there is
some overlap between the concepts, making the difference feel somewhat
arbitrary, we define MIP-based assays as sensing applications that indirectly
detect target-rebinding leading to an optically obtainable signal, potentially
amplified along the way. This facilitates both readout, as the result can often
be seen with the naked eye or requires e.g. a smartphone camera, and receptor
immobilization, as lab-on-a-chip technology allows for the creation of lateral
flow assays and dipstick devices. An example from the biosensing industry can
be found in home-pregnancy testing. Introduced in the 1970’s, the home
pregnancy test is a sandwich immunoassay that grants the colorimetric
determination of the presence human chorionic gonadotropin (hCG) [194].
Comprising of a porous pad with a series of reactive components, a sample is
introduced onto the surface of the pad and is carried along the device by
capillary action alone. While traversing the pad the liquid sample (e.g. urine,
blood, saliva) interacts with the reagents imbedded in the microstructure of the
pad, in turn selectively chemically labelling the target analyte. Engineered
antibodies comprise the backbone of this chemical labelling process,
expressing desired physical traits (radioisotope, fluorescence, and
chromophore) [195].

As with antibodies, MIPs can be manipulated and modified to exhibit specific
traits upon the binding of a target analyte. MIPs therefore pose as a genuine
synthetic alternative to previously biological sensing elements, with the
earliest report of a “molecularly imprinted assay” being reported in 1993 by
Vlatakis et al. [196]. This assay was analogous to competitive radiolabeled
immunoassays, employing an imprinted ethylene dimethacrylate-co-
methacrylic acid polymer to sense the presence of two unrelated compounds
(theophylline and diazepam). The results of this demonstration were
impressive, with a linear range of 14-224 uM for theophylline and the results
from 32 serum tests correlated with the same analysis from a corresponding
enzyme-multiplied immunoassay technique. Cross-selectivity was proven to
be on par with that of antibodies, though the major pitfall came at the cost of
the developed MIP-based assay operating in organic solvent. Assays capable
of operating in aqueous buffer solution and organic solvents were soon
introduced, paving the way forwards for MIP-based assays to operate in
biologically relevant environments [197-199].
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Though the binding of target analytes and environments analysis could be
conducted had drastically been improved, the use of radiolabeling was
hindering the commercialization of the generated assays. The availability,
handling, cost and coupling of isotopic labels was brought into question,
deeming radiolabeled assays as unfeasible. Other methods were soon
developed showing greater potential, with Piletsky et al. being one of the first
to introduce fluorescently labelled analogues of triazine for the detection of
unlabeled triazine [200]. Fluorescent characteristics would soon be
incorporated into the physical properties of the imprinted polymers, utilizing
fluorescent monomers, crosslinking agents and initiators [201]. This allowed
fluorescent enhancement and quenching to be considered as potential
mechanisms for the direct detection of analytes. Other methods were also
considered, with MIPs being conjugated to enzymes offering enhanced
sensitivities. Though with the integration of biological components the
environments in which analysis can be carried out, once again becomes
limited. However, Literature sources report the use on enzymes in conjugation
with MIPs in colorimetric and chemiluminescence methodologies [202]. Direct
coupling of modified analytes with powerful chromophores such as dye
molecules has also been reported, enabling visual confirmation of binding
events [203].

Since the inception of these concepts and methodologies, the field has however
developed further; utilizing technologies not previously available to increase
the commercial potential of these strategies. These advancements are guided
by the needs of both commercial and industrial applications, increasing the
ease and speed of analysis. The innovation of the last decade has therefore
brought these concepts closer to commercial fruition, bringing the need to re-
examine the current state-of-the-art (Quantum dots, nanoparticles,
displacement assays) and determine the current obstacles that must be
overcome before these technologies will be translated to commercially
available devices.

Quantum dot MIP assays

The use of conventional organic fluorophores in combination with imprinted
systems has seen a decline over the last decade, with the use of quantum-dots
(QDs) becoming ever more popular. QDs offer greater chemical stability,
photostability and tunable spectral properties than traditional fluorophores,
gifting distinct advantages to systems that utilize these fluorescent
nanoparticles [204]. Thus QDs pose as a more capable, controlled, and reliable
method of installing fluorescent characteristics into molecular imprinted
systems. The first reported affiliation of QDs with MIPs was reported by Lin et
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al. in 2004 [205]. MIP layers were anchored onto CdSe/ZnS core-shell QDs
permitting the selective detection of caffeine, uric acid and estriol in several
solvents with the biggest effect size encountered in water, which opened up
the possibility of using the system for biological analysis. This article however,
only provided a first proof-of-principle and over the years, other groups were
able to come up with more in-depth studies, demonstrating actual application
of MIP-QD assays for e.g. environmental monitoring with LoDs reported in the
relevant nM concentration regime [206-207].

In recent years, the amount of assays based on the combination of QDs and
MIPs has rapidly increased with several commercially interesting technologies
reported on by a wide range of groups. Vaneckova et al. formed thin imprinted
polydopamine films with modified QD-antibody-antigen conjugates as the
imprinted species for protein detection [208]. Laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) was then utilized in this
proof of principle immunoassay, undertaking a dual approach that highlighted
the sensitivity (from the MIPs) and selectivity (from the QDs-antibodies) of the
method. The resulting LoD of the methodology was 4.2 ug and 1.6 ug
respectively, with the analysis time of each scan only taking 23 seconds. The
main drawback of this technology is still the application of complex readout
devices that increases the size and cost of the technology.

As most fluorescent systems utilize an optical readout method for
interoperating the fluorescence signal, either the readout device must become
compact (handheld) or the necessity of readout methods for validation must
be overcome. Wang et al. overcome this necessity by introducing a facile QD-
MIP based method for the direct detection of dopamine in tiny amounts of
biofluid [209]. The system that is introduced is a paper-based assay that allows
the detection of physiologically relevant amounts of dopamine in 10 uL of
serum. Dual-emission (carbon and CdTe) QDs act as a core that is encapsulated
inside a MIP shell, enabling spectroscopic and visual verification of the
presence of dopamine in the presence of UV light. To facilitate ease of use, the
nanoparticles were loaded onto small strips of filter paper by adsorption of the
particles directly into the crevices of the substrate. The strips were then
exposed directly to serum samples, and analyzed with a spectrometer and UV
lamp (Figure 7). The dose-response curve for this system displayed a wide
linear range (0 — 1.2 x 10 M) even in the presence of common ionic and
molecular interfaces that can be found in biofluids, yielding an LoD of 100-150
x 10 M. All results were validated with HPLC, which emphasizes that the
assay is not only interesting because it is handheld and requires little
instrumentation but also has enough diagnostic relevance. Over the past two
years alone, many similar QD-based MIP assays have been developed for
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various purposes including medical diagnostics [210-212], food safety [213-
214] and environmental screening [215-216].

Dual-emission fluorescent MIPs (DE-MIPs)
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Figure 7: Fluorescent dual-emission MIP nanoparticles were made by integrating red and
blue fluorescent quantum dots into the polymer shell (top). These particles were
immobilized onto test strips by soaking them in MIP solution. The result is a pH-indicator-
like test strip that allows the end-user to quantify the amount of dopamine in a biological
sample. Adapted with permission from [209}, Copyright John Wiley and Sons 2018.

Nanoparticle MIP assays

In addition to QDs, nanoparticles (NPs) have been used in conjunction with
MIPs to create optical detection assays. Though some literature demonstrates
that NPs can be incorporated into the bulk of MIPs [217], the majority of
literature utilizes NPs as a separate sensing element. These assays are often
combined with colorimetric detection, overcoming the need for an excitation
source and fluorescent probes.
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Wu et al. reported on the use of NPs with MIPs for the colorimetric detection
of residues of the insecticide Cartap in tea [218]. Cartap was extracted from
spiked and non-spiked samples of tea by means of magnetic molecular
imprinted microspheres (FesO4@mSiO2@MIPs) that utilized methacrylic acid as
a functional monomer. Cartap was eluted from the MIPs and AgNPs were
added to stimulate a color change turning the elution from yellow to grey
dependent on the presence of the target. In this way, a semi-quantitative assay
was developed allowing for the detection of Cartap in concentrations down to
+ 5 mg L1 The reaction can be further quantified using a UV-vis
spectrophotometer, allowing for an LoD of 0.01 mg L-1. Although this method
is very interesting due to its simplicity, the multistep procedure makes it time-
consuming and is not very sensitive. Zhao et al. introduced a method that can
address the latter aspect, by using AuNPs for signal enhancement; they were
able to construct a colorimetric sensor for the detection of atrazine with an LoD
of 1.2 pg L' and an LoQ of 4.0 pug L1[219]. This makes the assay competitive
with most sensor applications that are able to detect targets in the lower
nanomolar concentration regime. However, sample pretreatment is still
necessary for sample analysis, limiting the method’s commercial potential.
Other reports of nanoparticles being used in a similar fashion exist, though
they all suffer the same drawbacks preventing commercial viability [220].

Kong et al., highlighting the potential of a system that does not rely on sample
pretreatment, developed a novel microfluidic paper-based colorimetric sensor
based on MIPs and AgNPs [221]. A system was constructed that consisted of a
MIP membrane that was imprinted with bisphenol A(BPA) (Outer layer),
ZnFe204 NPs (second layer) and cellulose paper (Inner layer) (Figure 8). Upon
the addition of 3,3',5,5-tetramethylbenzidine (TMB) and peroxide to the
structure, the NPs would oxidize the introduced peroxide generating OH
species that would discolor the cellulose paper. The binding of BPA to the MIP
layer would prevent this interaction, leaving the color of the cellulose paper
unchanged.

This proved to be an extremely sensitive method with a LoD of 6.18 nM and a
linear range of 10 — 1000 nM. Photoshop was used to quantify the color change,
relating the change in greyscale to the concentration of BPA introduced. These
results prove that it is possible to develop a low-cost MIP-NPs assay that can
be used for the detection of compounds in a relevant concentration regime
using a simple camera and image processing software. The method does have
some drawbacks such as pH deficiency and the need for environmentally
unfriendly reagents. However, the combination of this type of assay in
combination with a lateral flow device in the future could minimize the
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environmental impact of the method, as the required reagent volume would
be drastically decreased.
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Figure 8: MIP membranes deposited round a cellulose paper, using nanoparticles as a
spacer ring between the paper and the MIP layer. The MIP membranes selectively bind
BPA, preventing the oxidation of peroxidation, leaving the color of the cellulose paper
unchanged. In absence of BPA, the generation of OH-species will discolor the paper. Re-
used with permission from [221], Copyright Elsevier 2017.

Colorimetric and fluorometric MIP displacement assays

Displacement assays act as competitive assays between a labelled version of a
target analyte and a non-labelled version. The modified analogue of the target
species has specific functionalities facilitating the molecule to exhibit
colorimetric or fluorometric properties. The first proof-of-principle of the
concept was conducted in 1998 by McNiven et al. using a dye-labeled conjugate
to detect chloramphenicol [222]. The colorimetric sensor proved immune to
interferences and had a linear response to the over a 3 — 1000 ug mL range,
being effective above, within and below the therapeutic range. Nicholls et al.
detail a fluorescent variation of the approach in which they reported a
displacement assay format for the detection of chlorophenolic contaminants in
drinking water and packaging material [223]. Fluorescently labelled
pentachlorophenol (PCP) was prepared as a “guest” molecule and used in a
competitive binding assay format. Both labelled and non-labelled PCP was
introduced in the presence of the MIP with less retention for the guest molecule
observed. The guest molecule was also pre-bound to the MIP, with the reporter
molecule being displaced in the presence of the higher affinity unmodified
PCP analogues. The filtrates collected from the analysis were then tested with
luminometers and compared to GC-ECD as a reference. A detection limit of 0.5
pg L1 was achieved, though in comparison to antibodies the method lacked
sensitivity. These reports also focused on the spectral analysis of the method,
whereas Li et al. highlighted in a more recent study how the method could be
used for the visual verification of algal metabolites [224]. Though a greater
sensitivity was not procured (48 pg L), visualization of the displacement of
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fluorescently labelled analogue was made possible with a hand-held UV lamp
(Figure 9). Thus removing the need for large and expensive pieces of analytical
equipment.

MIP MIP &/

ﬁ_y* Bl & N
I tag

Analyte uv Fluorescence
sensing

Figure 9: MIPs were imprinted with algal metabolites geosmin and 2-methylisoborneol,
extracted and loaded with substrates coupled to fluorescent tag. In presence of the target,
the fluorescently labeled substrate gets displaced due its lower affinity for the MIP.
Ilumination of the filtrate with a simple UV-lamp visually confirms the presence or
absence of the target. Adapted with permission from [224]. Copyright Elsevier 2019.

One facet reducing commercial potential of MIP displacement assays is the
need to include a chromophore/fluorophore. However, it has been shown that
development of a reporting analogue is not required, and an unrelated
(fluorescent) dye can be utilized instead. The first example of this was
proposed in 1998 by Haupt ef al. in which a fluorescent ligand displacement
assay was outlined [225]. The assay uses a coumarin derivative as a nonrelated
fluorescent probe for the detection of the herbicide 2,4-dichlorophenoxyacetic
acid, producing a specific and selective probe that achieve a detection limit of
100 nM. Piletsky et al. demonstrated the same principle for the detection of L-
phenylalaninamide by dye displacement [226]. Pre-loading the dye molecule
onto the MIPs before loading the particles onto a column and eluting an
aqueous solution containing the target molecule through. Drawing attention
to the merits of high reproducibility yet maintaining a detection limit in the
low uM. As chromophores are easy to incorporate into the method, Greene et
al. showed that visual verification of binding events was possible [227].
Benzofurazan dyes were used in a competitive binding assay in the presence
of six imprinted amine compounds that could be easily identified by the naked
eye without require spectroscopic method.

Several MIP-based displacement assays have been used in recent years for the
detection of a wide variety of compounds including biogenic amines,
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pesticides and narcotics [228-230]. The most apparent obstacles that need to be
overcome to allow for commercialization lie in improving the sensitivity of
these methods and the creation of homogenous batches of MIPs with high
affinity. The use of dyes with high extinction coefficients could improve the
sensitivity in the future, while integrating the assays in lateral flow devices can
create dipstick devices suitable for market introduction.

MIPs as capture antibodies in immunoassays

In addition to being used as antibody-analogues in competitive assays as
described in the previous chapter, MIPs have also been used as capture probes
in traditional ELISA(-like) pseudo-immunoassays [231-233]. These type of
assays profit from the popularity and associated technological advances that
have been associated with ELISA-like assays. The ubiquity of immuosorbent
assays in present day diagnostics and analytical chemistry could overcome
some of the thresholds associated with introducing new technologies into a
well-established market. Furthermore, immuoassays are compatible with lab-
on-a-chip technology, which opens up the possibility of integrating the assay
into a lateral flow device. This characteristic was exploited by He et al. for the
creation of a test strip for the pesticide triazophos (Figure 10) [234].
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Figure 10: Triazophos MIPs can be used instead of antibodies in a lateral flow assay. MIPs
were used as capture antibody in the sorbent test line path of the assay. Samples were
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mixed with FITC-labeled target molecules. Presence of the target prevents the labeled
molecules to bind to the test line, leading to an inverse correlation between target
concentration and fluorescence intensity on the test line. Adapted from [234] with
permission. Copyright Centre National de la Recherche Scientifique (CNRS) and the Royal
Society of Chemistry 2020.

They immobilized an imprinted cellulose acetate layer on the test line of a
lateral flow strip. Samples travelled by capillary transport from the sample pad
to the absorbent pad via the MIP layer. The sample containing an unknown
concentration was mixed with a solution containing a conjugate of triazophos
with an IgG and a FITC label. When the sample reaches the MIP line, the
conjugate will compete with any target molecule present in the sample,
resulting in an inversely proportional correlation between target concentration
and the signal. The results were benchmarked with LC-MS/MS with an LoD of
20 pug mL1in tap water. A similar assay was developed by Akbulut and Zengin
deposited imprinted poly (N-acryloyl-L-phenylalanine) films on whatman
paper strips for the detection of propranolol in human plasma [235]. These
portable tests themselves are suitable for on-site analysis but all results have
been assembled using a lab UV-vis spectrophotometer. Additional tests in the
future will have to prove that these tests can detect targets in relevant
concentrations when combined with e.g. smartphone cameras, which have
been used by other groups in the context of MIP-based sensing [236-237].

Bottlenecks MIP-based assay platforms

The overview presented in this chapter illustrates the commercial potential of
MIP-based assays. In comparison to integrated sensor devices, receptor
immobilization is often a lot easier with MIPs often simply being immersed in
solution or deposited onto the bottom of a 96-well plate. In addition, assays
profit from the popularity of immunoassays and can be easily integrated into
lateral flow strips or dipstick, although they are also compatible with most
forms of biosensors, especially those based on optical transducers. In addition,
colorimetric assays can often be analyzed by the naked eye, as do some assays
based on luminescence and fluorescence that do require some form of
excitation source. Even the quantifiable assays that are now being analyzed
using lab-based spectrophotometers could easily be transferred to portable
systems that are compatible with smartphone cameras or handheld
spectrophotometers.

Up until now, the major bottleneck in developing MIP-based assays for
commercial use has been, again, the production of homogenous receptors
with high affinity on a large scale. Enzyme-based assays and immunoassays
profit from the knowledge and knowhow the industry has in mass-producing
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them, especially with reactor technology enabling upscaling the production
of these bioreceptors. However, MIP synthesis is profiting from the rapidly
advancing field of polymer technology and the number of groups reporting
on novel ways to create MIP particles, that are more homogenous in
morphology and affinity towards their target, are increasing. With the
development of these new techniques, new companies focusing on large-scale
MIP synthesis are entering the commercial market, as we will discuss in the
next chapter.

Commercial MIP synthesis

As described in previous sections, despite the huge commercial potential of
imprinting technology (> 1000 patents on Scifinder), until date, the amount of
companies that direct their resources towards MIPs is limited and efforts in
this area have mostly been confined to laboratory research. Early
commercialization of MIPs was aimed at application in purification and
separation, pioneered by companies such as MIP Technologies, POLYINTELL
(AFFINIMIPSPE products), and Supelco (previously Sigma Aldrich, now
Merck). Acros (SupelMIP) for instance, offers MIPs cartridges for purchase for
the solid phase extraction (SPE) of a number of environmental contaminants
[238]. Aspira Biosystems sells MIPs, made by epitope imprinting that are able
to selectively capture microorganisms [239]. The advantages that MIP offers in
this area include savings of time and costs, stability under extreme conditions
and no influence of ions on extraction which can be an issue in other porous
materials such as zeolites and clays [240], and superior selectivity over
standard methods. The reason that early commercialization focused on
purification and separation lies in the fact that polymer structure and
homogenous binding affinity are not subjected to stringent requirements and
bulk microparticles can be directly integrated into columns.

In terms of sensing applications, the main bottlenecks previously identified in
previous chapters are the integration of MIPs into electrodes and assays and
the large-scale production of homogenous, high affinity MIP particles.
Especially the latter can be challenging with standard methods of producing
nanoMIPs including electropolymerization or lithographic techniques.
Therefore, a few companies have been founded in recent years that focus on
synthesizing MIPs on a large-scale for sensing purposes. Semorex synthesizes
MIPs for the detection of proteins, with the potential of extending to
therapeutics for cancer and treatment of bowel diseases. However, protein
imprinted polymers are a challenge in itself since mass-production, if
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conventional approaches are followed, requires a large amount of the template
which brings inherent costs.

MIP diagnostics has introduced an alternative approach that might change the
field entirely. The company, based in Sharnbrook (UK), was founded in 2015
and focuses on MIP development using the solid-phase imprinting approach
to produce high affinity nanoparticles as pioneered by the Piletsky group at
the University of Leicester [36]. The advantages of this approach are that the
template can be recycled to reduce costs while allowing for (semi) automated
production by elution of the polymers instead of the template [37]. Their focus
has been contract development work for other companies that have struggled
with traditional disadvantages of antibodies, such as batch-to-batch variation
or operation under broad temperature and pH conditions. Their produced
nanoMIPs have been applied to remove micropollutants and microorganisms
from drinking water, to direct replacement of antibodies in assays, and novel
sensor formats. However, recent investment will enable scale-up of operations
for development of an in-house portfolio of products, starting with commonly
used biomarkers. This can speed up the development of sensing platforms
based on these receptors in the future.

Canfarotta ef al., reported on the production of nanoMIPs for vancomycin,
which were used as antibody-replacements in an ELISA-like format [241]. MIP
Diagnostics’ nanoMIPs were also integrated into gold screen-printed
electrodes for the impedimetric detection of cocaine at trace levels [242]. A
simpler and more universal approach to label-free detection of analytes,
independent of their electrochemical properties, might be the addition of
monomers modified with a redox probe, such as done by Mazzotta et al. who
used vinyl ferrocene and ferrocenyl methacrylate to detect vancomycin [243].
The nano-sized homogenous MIPs also meant a huge advantage in thermal
MIP-based sensing, allowing to directly couple the nanoparticles to
thermocouples for the detection of a wide variety of biomedical targets,
ranging from small organic molecules to large proteins at physiologically
relevant concentrations [244]. Crapnell et al. further extended this approach by
functionalizing multiple thermocouples and integrating them into a single
sensor setup for the multiplexed detection of cardiac biomarkers (Figure 11)
[59]. The sensor demonstrated to be capable of simultaneously detecting the
biomarkers in buffer and serum solutions. Betlem et al. recently introduced an
alternative readout approach, using thermistors rather than thermocouples,
which simplified analysis by measuring electrical resistance. Furthermore, the
use of thermistors offers several advantages such as their low-cost, robustness,
and highly sensitive response to small changes in temperature around a fixed
base point [245].
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Figure 11. (A) Schematic of the triple thermocouple flow cell used. (B) Raw data HTM plot
of the Rth over time for the addition of ST2 in FBS to a triple thermocouple set-up with
one thermocouple functionalized with ST2 nanoMIPs (red), one functionalized with H-
FABP nanoMIPs (blue), and one unfunctionalized thermocouple (black). (C) Plot of the
Rth % change for the addition of ST2 in FBS to a triple thermocouple set-up with one
thermocouple functionalized with ST2 nanoMIPs (red circles), one functionalized with H-
FABP nanoMIPs (blue squares), and one unfunctionalized thermocouple (green triangles).
Reprinted with permission from [59]. Copyright American Chemical Society 2019.

In the future, companies like MIP Diagnostics hold the key for the
commercialization of MIP-based sensing platforms as they focus on
overcoming the main bottleneck standing in the way of commercialization. To
do so, they will not only have to increase their focus on mass-producing their
nanoMIPs but will also have to continue to work with research groups around
the world to explore how these MIPs can be integrated into sensors. In doing
so, they can profit from the knowhow of companies that are traditionally
involved in the construction of biosensor and assay platforms. An exciting
advancement recently announced by the company is the collaboration with
Stream Bio, an enterprise that is specialized in bioimaging. The goal is to
combine nanoMIPs and conjugated magnetic nanoparticles in a lateral flow
assay for the development of a fast (10 minutes) diagnostic test for SARS-CoV-
2. The test could improve the diagnostic capacity of healthcare systems
worldwide by offering PoC diagnostics but can also be used to screen sewage
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water for SARS-COV-2. The latter is seen as a potential path of spreading the
disease [246]. In the future, one would expect more assay formats that
incorporate MIPs and there is potential towards the area of oral therapeutics
and drug delivery due to the nanoMIPs inherent biocompatibility [247].

Outlook

The literature analysis done in this review re-emphasizes the commercial
potential of MIPs as alternatives for bioreceptors in sensor platforms and assay
formats but also illustrates why commercialization of MIP-based sensors and
assays lags somewhat behind in comparison to biosensors and assays based on
natural receptors. This can be attributed in part to historical reasons.
Biosensors emerged in an era when personalized medicine did not really exist
yet while the need was there. Home-based self-testing for blood glucose levels
was not possible using traditional, state-of-the-art detection platforms but it
has changed the life of diabetics around the globe. Likewise, home pregnancy
testing allowed women and couples in general, to assess their pregnancy status
without needing to overcome the social and financial threshold of visiting a
doctor every time. Biosensors filled a void that traditional laboratory analysis
could not fill and acquired market relevance and momentum because of it. This
momentum, and resulting financing, in combination with prior knowledge on
coupling enzymes and antibodies to surfaces, has formed the basis of the
success story of these platforms that have become ubiquitous in modern-day
society.

Despite these success stories, traditional biosensors for personalized medicine
have still not fulfilled their full potential, as lab-based analysis remains the
golden standard due to the high sensitivity and high throughput associated
with techniques such as PCR, LC- and GC-MS... However, gradually society
is evolving and technological developments that are making their way into
society such as smartphones and 3D printing have accelerated the
development of e-health and biosensing platforms. MIP-based sensors and
assays could also profit from this trend. Many of the examples highlighted in
this review, illustrate how MIPs are compatible with smartphone readout,
wearable sensors or lateral flow assays based on 3D-printed microfluidic
platforms. This research has tackled one of the main bottlenecks traditionally
hindering MIP-based sensing from being commercial: integration of MIP
particles in electrodes and assay formats suitable for commercial production.

The main challenge remains to create MIPs in large batches that are
homogenous in size and shape but also in their affinity towards their target.
Recent advances in imprinting technology have led to MIP particles with
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affinities that are comparable to that of natural receptors, which is necessary to
convince the market that MIPs have a benefit and create momentum in a
manner similar to the first biosensors. Companies such as MIP Diagnostics that
come up with ways to not only improve the affinity of the target but also enable
the large-scale production of homogenous batches of these particles, hold the
key to commercial success. These new methodologies could compete with new
advances in reactor synthesis of antibodies and enzyme. In this way, MIPs will
no longer have a technological disadvantage over their natural counterparts
and their benefits including low-cost price and superior mechanical, chemical
and thermal stability will become more important in commercial diagnostics.
In addition to the generic nature of the technology, which, in contrast to their
natural counterparts, allows for the detection of nearly any target of nearly any
size, these characteristics of MIPs still makes molecular imprinting a very
interesting, commercially viable technology that can disrupt the diagnostic
market for years to come.
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Chapter 3




Surface grafted polymers preface:

The literature review conducted in the previous chapter, highlighted the use
of multiple platforms for the detection of small molecules. Of these, one of the
promising technologies was identified to be the so-called “Heat Transfer
Method” (HTM), offering a thermal detection method that translate a binding
event at the surface of an imprinted polymer into a tangible change in thermal
resistance. References were found for this readout platform being used for the
rapid detection of small molecules (e.g. neurotransmitters), bacteria (e.g. E Coli)
and mutations in DNA. Therefore, the decision was made to adept the readout
platform towards the detection of a different class of compound, pushing the
potential usage of the readout strategy further.

The template molecule for the imprinted layers was selected based on previous
research, targeting New Psychoactive Substances (NPS). 2-Methoxphendine
was identified as the target of choice, being an emerging NPS at the time and
being commonly found mixed with ketamine and PCP samples. These kind of
compounds have proven to be a plague in their own right, spanning multiple
compound classes and proving tricky to identify. It therefore made sense to
develop a platform capable of potentially identifying an NPS and showcase
how MIPs could be used as a tool in the battle against these illicit substances.

Unlike previous research conducted with the sensory platform, a different
approach was selected for the deposition of the polymeric receptor layers. In
prior literature MIP particles were prepared by bulk polymerization; yielding
an imprinted polymeric powder that could be adhered to an aluminium
substrate and placed inside a flow cell for the analysis of binding capabilities.
Though this has been proven an efficient way of MIP deposition, the method
is relatively heterogeneous across the deposited layer and from sample to
sample. In an attempt to remedy this, a surface grafting approach was
identified, functionalizing an aluminum substrate by hydroxylation, attaching
a silylated linker molecule with allyl functionalities, and directly building an
imprinted polymeric receptor layer upon it.
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Abstract

The use of Molecularly Imprinted Polymers (MIPs) as recognition elements in
biosensing devices has increased over the past decade, with MIP-based
receptor layers being combined with impedance, quartz crystal microbalance
(QCM) and thermal readout methods such as the so-called “Heat-Transfer
Method” (HTM). One of the main challenges in MIP-based biosensing is the
production of uniformly covered, reproducible sensing layers. The potential of
direct surface grafting of molecularly imprinted polymeric receptor layers
(MIP-RL) to aluminum substrates was investigated in this work, offering an
alternative more elegant methodology of MIP deposition opposed to previous
methods introduced. Polished aluminum plates were hydroxylated and
further silylated, thereby introducing functionality to the plates allowing for
direct polymer grafting to the substrate surface. Various polymer compositions
were studied, identifying the optimum composition for direct surface grafting
and the detection of the New Psychoactive Substance (NPS) known as 2-
methoxphenidine (2-MXP). Evaluation using HTM for each grafted MIP-RL
determined the imprinting effect, selectivity and sensitivity of the polymeric
layers, with a direct comparison being drawn to previously optimized MIP
particles that have been deposited by means of a polydimethylsiloxane
(PDMS) stamp being pressed into an adhesive polyvinyl chloride (PVC) layer.
The results summarized in this study highlight the reproducibility, improved
limit of detection (LoD), and feasibility of directly grafting polymeric layers to
substrates, offering a more reliable tool in the routine analysis of samples.

Keywords: Molecularly Imprinted Polymer, Surface grafting, Grafted receptor
layers, Heat-transfer method, New Psychoactive Substance, 2-
methoxphenidine
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Introduction

New Psychoactive Substances (NPS), formally known as “designer drugs”
have been described as a plague of the modern age [1]. NPS filled the void
created by legislation that prohibited classical drug distribution and use, as
they share key specific psychoactive effects with classical illicit compounds
without the actual prohibited chemical structure [2]. Although legislation more
recently halted distribution and use of NPS within the European Union [3],
identification, detection and analysis of NPS remain an issue. Hundreds of
NPS compounds already exist with chemical architectures that are currently
unfamiliar and indistinguishable from the more classical compounds, with
more being synthesized every year [4].

Prevalent since 2013, 2-methoxphendine (2-MXP) is an NPS that interacts with
NMDA receptors within the brain giving a dissociative ‘high’ that is
comparable to diphenidine, ketamine and Phencyclidine (PCP). 2-MXP is
commonly found ‘cut’ with these compounds (Figure 1), adding complexity to
drug sample analysis that commonly involves highly specialized, expensive
techniques such as HPLC, LC-MS, and GC-MS as the gold standard for sample
analysis [5, 6]. The primary source of information on the prevalence of 2-MXP
comes from the analysis of cadavers, with little information being available on
2-MXP in seized drug samples. To this end, cases where 2-MXP has been linked
to fatalities is increasing, with reports from multiple countries confirming the
presence of 2-MXP in autopsies [7]. These cases also indicate that other
substances of abuse are also present, making the need for a selective fast
detection method even more necessary [8]. Molecularly imprinted polymers
(MIPs) may offer a way of selectively targeting NPS, in this case 2-MXP,
allowing for greater ease of sample analysis.

S D N

(a) (b) () (d)

Figure 1. Chemical structures of (a) Diphenidine, (b) 2-MXP, (c) ketamine and (d) PCP
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The field of chemically engineering polymers to contain nanocavities that offer
uniquely specific binding towards a target analyte has seen great
developments over the last decade [9]. MIPs offer recognition of a target
substrate on a similar level to that of enzymes while demonstrating a higher
robustness towards harsh physical conditions such as high temperatures or
aggressive changes in pH [10]. Highly specific receptor pockets are generated
during the creation of a MIP. Generally, polymerization is conducted in the
presence of a target template molecule, crosslinking the polymeric network
around the morphology and functionalities of the template [11]. MIP
characteristics can be tailored by making alterations in monomer, functional
crosslinker and porogen ratios, enhancing the imprinting effect and selectivity
of the receptor [12-15]. The ways in which MIPs are synthesized has become
more refined over the years, with the more traditional free radical bulk
polymerization being usurped by the more elegant synthesis of nanoparticles
[16]. This more sophisticated approach yields particles with greater
homogeneity in particle size, shape and binding affinity towards a chosen
target [17]. These key features, alongside ease of synthesis and being
inexpensive, make MIPs ideal synthetic receptors for incorporation into
biomimetic sensing platforms for an array of molecular and biological targets
[18].

Although the synthesis of these synthetic receptors has developed
tremendously, studies aimed at optimizing the methods of integrating them as
receptors in biosensing platforms remain relatively unexplored. Readout
methods that utilized MIPs as a recognition element include Quartz Crystal
Microbalance (QCM), impedance, and more recently the “Heat Transfer
Method (HTM)” [19-25]. Measuring the thermal resistance across the receptor
layer at the phase boundary between solid and liquid, the HTM allows the
binding properties of a receptor layer to be expressed as a change in thermal
transfer resistance [26, 27]. This technique has shown promise in both the
detection of peptides and small molecules alike, with MIP particle deposited
onto aluminum substrates forming receptor layers.

Two main particle deposition approaches have been extensively used up until
now, one of which concerns pressing MIP particles onto a substrate that has
previously been coated with a polyvinyl chloride (PVC) adhesive layer. The
layer is heated to a temperature above its glass transition temperature to let the
particles sink into the layer when force is applied [28-32]. The other method
consists of mixing fine MIP particles with e.g. graphene ink, allowing for the
direct printing of receptor layers onto surfaces, creating screen-printed
electrodes (SPE) [33]. Both methods have their merits and disadvantages, with
stamping MIPs being fast and yielding a receptor layer that mimics the
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sensitivity of the original ‘free’ particles. However, the approach is highly
irreproducible, as particles are deposited heterogeneously across the surface of
both the stamp and the resulting MIP-coated substrate. Screen-printing allows
for greater control over the distribution of particles in a more defined manner,
yet sensitivity of the receptor layer suffers due to the encapsulation of the
receptor particles in ink. Growing polymeric receptor layers directly on a
functionalized substrate could potentially overcome such drawbacks.

Surface functionalization is a powerful tool that allows the coupling of
molecules directly to a substrate, providing a robust chemical linkage [34]. This
process has been exploited in both the fields of biology and chemistry, offering
a multitude of applications from the binding of DNA to substrates, to the
modification of a substrate to become more hydrophobic [35]. Many of these
approaches have been applied to functionalizing surfaces with MIPs, with
atom transfer radical polymerization, and controlled radical polymerization
(CRP) being just a couple of techniques applied in the field [36-38]. As of yet,
this process has not been used for the direct growth of molecularly imprinted
polymeric receptor layers (MIP-RL), offering an alternative to current receptor
layer deposition procedures (Figure 2). In this study, a method inspired from
previous work in the field of surface functionalization is proposed,
functionalizing aluminum substrates by means of hydroxylation and silylation
in order for the direct growth of MIP-RL for direct implementation into a HTM
setup.

Grafting MIP 1o the
functionalised surface

A

Monomer
NaOH ~ Crosslinker Extract Template
—— - ———
Template
Initiator

Functionalisation of Aluminium

Figure 2. Schematic for the functionalization of aluminum plates, followed by the grafting
and extraction of molecularly imprinted polymers directly on the functional substrate.

HTM analysis was used to demonstrate the reproducibility of the direct
grafting method of MIP-RL, analyzing the homogeneity of the samples and
optimizing receptor layers towards the chosen 2-MXP target. Selectivity and
sensitivity of the resulting sensor was assessed, with a direct comparison
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drawn against previous deposition methods, demonstrating the merits of the
proposed approach. MIP-RL sensitivity and MIP-RL thickness have
demonstrated to be correlated, building a relationship between the thickness
of the receptor layer and the sensitivity achieved, with the selectivity of the
MIP-RLs also reported. The resulting LoD was compared with biologically
relevant concentrations, evaluating the applicability of the sensing platform
with the MIP-RL. Ultimately, the combination of MIP-RL with HTM illustrates
the potential for reproducibly creating a new method of selective drug
detection and analysis. Therefore an early warning system has the potential of
being developed, by offering a new rapid means of analyzing seized drug
samples for harmful NPS such as 2-MXP. Thus, the prevalence of this NPS can
truly be grasped with more than the analysis of cadavers as reference, but
instead this approach offers an applicable method of analyzing real world
samples in a bid to reduce harm inflicted by 2-MXP.
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Materials and methods

Chemicals and reagents

Prior to polymerization, stabilizers were removed from the functional and
crosslinking monomers by passing the solutions over a column packed with
alumina. All chemicals and solvents were obtained from Sigma Aldrich
(Zwijndrecht, the Netherlands). All solutions were prepared with deionized
water of resistivity of 18.2 MQ ecm! or with phosphate buffered saline (PBS)
solutions. Polydimethylsiloxane (PDMS) stamps were made with the Sylgard
184 elastomer kit from Mavom NV (Kontich, Belgium). Aluminum chips were
purchased at Brico NV (Korbeek-Lo, Belgium) and cut to the desired
dimensions.

Synthesis of bulk molecularly imprinted polymers

Bulk MIPs were synthesised according to the procedure previously
described.® In short, a mixture of the functional monomer methacrylic acid
(MAA 1.02 mmol), crosslinker molecule ethylene glycol dimethacrylate
(EGDMA 1.7 mmol), and initiator azobisisobutyronitril (AIBN 0.30 mmol) in
dimethyl sulfoxide (DMSO) together with the 2-MXP (0.17 mmol) was
prepared. The mixture was purged with N2 before the initiation of the
polymerization. Polymerization was performed by heating the mixture up to
65°C for 12 h, allowing for full completion of the reaction. The MIP was milled
seven times using a Fritsch Planetary Micro Mill Pulverisette 7 premium line
(700 rpm, 5 minutes, 10 mm balls). After milling, the particles were sieved at
1.0 mm amplitude using a Fritsch Analysette 3 for 4 hours or until sufficient
amount of polymer was on the collection plate to achieve microparticles with
sizes smaller than 100 um. Finally, the template molecule was removed from
the MIP powders by continuous Soxhlet extraction with a 1:10 mixture of acetic
acid and methanol for 12 h, followed by further extraction with pure methanol
for a further 12 h and drying of the particles at 65°C overnight. A reference
non-imprinted polymer (NIP) was also prepared in parallel

Deposition of bulk MIP particles

Polished aluminum plates were cut to obtain chips with the desired
dimensions (10 x 10 x 5 mm?). To immobilize MIP particles, a 100 nm polyvinyl
chloride (PVC) adhesive layer (0.35 wt % PVC dissolved in tetrahydrofuran)
was deposited on the chip by spin coating (3000 rpm for 60 seconds with an
acceleration of 1100 rpm/s). MIP and NIP particles were stamped into this layer
using a PDMS substrate that was covered with a monolayer of polymer
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particles. The PVC layer was heated for 2 hours at a temperature above its glass
transition temperature (100 °C) allowing the beads to sink into the polymer
layer. The samples were allowed to cool prior to thermal measurements and
any unbound particles were washed off with distilled water. Particle
distribution was determined using a Keyence VHX-5000 Digital microscope,
with further surface analysis being conducted with a Scanning Electron
Microscope (SEM).

Hydroxylation and silylation of aluminum plates

Polished aluminum plates (10x10x5 mm?) were immersed in sodium
hydroxide (20 % w/v) and ultrasonicated for 10 minutes, producing highly
tarnished aluminum surfaces. The plates proceeded to be washed with DI
water, before being dried by gentle dabbing with a paper towel and being left
to air dry for 3 hours. The hydroxylated aluminum was further functionalized
by means of silylation. Where the hydroxylated plates were placed into a
beaker containing allyltrimethoxysilane in toluene (10% v/v), and were heated
at 65 °C under continuous stirring for 2 hours. Following this, the plates were
removed from the mixture, washed with methanol and left to air dry
overnight. Both hydroxylation and siloxane coupling was confirmed by FTIR
of the tarnished surface (Supplementary Information S1).

Surface grafting of molecularly imprinted polymeric receptor layers

The protocol of surface grafting MIP-RL was optimized by altering the ratios
of monomer, crosslinker and porogen. To this extent, the optimized synthesis
is described for the MIP-RL with the highest affinity towards the target, 2-MXP
(see Supplementary Information Table S1 for all ratios tested). A mixture
consisting of MAA (11.90 mmol, 1 mL), EGDMA (20.18 mmol, 4 mL), 2-MXP
(0.67 mmol, 200 mg) in 20 mL toluene was prepared, and degassed using N:
for 5 minutes. Once degassed the solution was poured into a 250 mL beaker
(diameter 80 mm), where a stirrer bar (length 30 mm) and 5 silylated aluminum
plates were placed. Once added, the solution was stirred at 250 rpm, before
adding AIBN (200 mg) and heating the stirred solution to 65 ¢ to initiate
polymerization. The mixture was left to stir for 90 minutes, before removing
the now polymer-coated aluminum plates and washing with methanol. To
extract the 2-MXP from the polymer coated plates, Soxhlet extraction was
undertaken for 6 hours using methanol and acetic acid (10:1 v/v), and for a
further 6 hours using pure methanol. To monitor the extraction of the 2-MXP
from the polymer, UV-spectrometer readings of the filtrate were taken until an
absorbance value at A = 278 nm was no longer observed. Thus, a molecularly
imprinted polymeric layer was deposited upon the functionalized aluminum
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plate. A surface grafted non-imprinted polymeric receptor layer (NIP-RL) was
prepared in parallel that was synthesized in the absence of 2-MXP. Film
thickness and sample homogeneity was determined using a Keyence VHX-
5000 Digital microscope, with further surface analysis being conducted with a
Scanning Electron Microscope (SEM). For each parameter, at least three
samples at three different positions were analyzed and a mean film thickness
was reported.

Sensing setup

The thermal detection platform is described thoroughly in previous work.?!
Functionalized chips were pressed mechanically with their backside onto a
copper block serving as a heat provider. The temperature of the copper
underneath the sample, Ti, was monitored by a K-type thermocouple (TC
Direct). This information was fed into a temperature control unit that
stringently controlled T1 by modifying the voltage over the power resistor
(Farnell, Utrecht, The Netherlands) that heats the copper, using a software-
based (Labview, National Instruments, Austin, TX, United States)
Proportional-Integral-Derivative (PID) controller (P =1, I = 8, D = 0). The
functionalized side of the chip faced a PolyEther Ether Ketone (PEEK) flow cell
which was sealed with an O-ring to avoid leakage, defining a contact area of
28 mm?2 and an inner volume of 110 puL. The flow cell is connected to a tubing
system, allowing to exchange liquids in a controlled and automated fashion by
means of a syringe pump. The temperature of the liquid inside the flow cell,
T2, was measured by a second thermocouple placed 1 mm above the chip. For
each rebinding measurement, the signal was stabilized in PBS that was used as
a background solvent for the measurements. The concentration of the target or
analogue inside the flow was gradually increased (50 nM-2.25 uM). The signal
was allowed to stabilize for 20 min between subsequent additions. Data was
analyzed by monitoring the decrease in T2 after each addition (heat transfer
method or HTM) while maintaining T1 at a constant 37.00-C.

97



Results and Discussion

Binding characteristics of MIPs immobilized by stamping
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Figure 3. HTM analysis of PDMS stamped MIPs, (a) Temperature profile of the flow cells
for both the MIP and NIP after infusions of varying concentrations of aqueous 2-MXP, (b)
Dose response calculated from mean values at each stabilization point after each infusion.
(Error bars calculated using the internal error / noise of the signal)

To analyze the capability of the MIP to bind 2-MXP, aluminum chips were
coated with both MIP and NIP particles immobilized by stamping into an
adhesive PVC layer and analyzed using the HTM (Figure 3a). MIP and NIP
channels were ran simultaneously in parallel flow cells. The observed
differences in the baseline temperature of both flow cells can be attributed to
the specific characteristics of each flow cell. The temperature inside the flow
cell for the MIP can be seen to decrease at a constant input temperature as an
increased concentration of 2-MXP is introduced, indicating that the thermal
resistance of the MIP changes in response to the presence of the target in the
flow cell. A similar effect can be observed for the NIP at lower concentrations,
with the effect diminishing as higher concentrations are reached. These
findings are in line with previous work analyzing both neurotransmitters and
vitamin K with the thermal readout setup [32]. The data of this experiment are
summarized in a corresponding dose-response curve that allows for an
accurate comparison of the data sets for both MIP and NIP respectively (Figure
3b). The effect size was normalized by dividing the observed temperature

decrease for each concentration by the average baseline temperature (Equation
1).

AT (t=c)

Equation 1: Effect size (%) = 7 s
L (=

X 100
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The data was fit using OriginPro8 (OriginLabs Corporation, Northampton,
MA, United States) using an allometric (y = aX) dose-response fit for both the
MIP (red curve, R? = 0.9667) and NIP (black curve, R? = 0.8805). The limit-of-
detection (LoD) was calculated as the value that corresponds to three times the
maximum amount of noise on the signal throughout the measurement and its
intercept with the linear part of the red curve which predicts an LoD of 100 nM
(30 method). Mean values and error bars were calculated over a range of 700
seconds after each concentration infusion. The calculated LoD lies below the
point of differentiation between the MIP and NIP signals, rendering sample
analysis in this concentration range unreliable. At higher concentrations
(above 300 nM), there is a defined difference between the two signals allowing
for more confidence within the readings taken. In a bid to create a MIP with a
more reliable LoD at lower concentrations (sharper differentiation between
MIP and NIP and a broader dynamic range) a more sophisticated method of
MIP deposition is required.

Analysis of thickness and homogeneity of MIP-RL deposition
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Figure 4. Analysis of the overall surface thickness of the surface grafted polymer, (a) a
sample from the initial batch synthesised and (b) a sample from the second batch
synthesised

The surface of the polymeric grafted aluminum plates was analyzed using a
3D microscope to determine the overall thickness of the layer across the
substrate, showing homogeneity of the polymer coverage. This analysis was
conducted for two separate batches to analyze inter-batch surface thickness
variance, demonstrating that the method of surface grafting gave an overall
consistent grafted polymer thickness (Figure 4). On average, the overall
thickness of the coated aluminum substrates was 108.17 um (608.23 um
including the plate height), showing minimal variance between each sample.
This demonstrates the reproducibility of the method, compared to that of the
stamping method where particle distribution across the surface is harder to
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control (Supplementary Information Figure S2). Intra-sample polymer
coverage was more heterogeneous, with greater variances across the surface of
the MIP layer.

Effectiveness of MIP-RLs

Table 1. A brief summary of results collected for each composition of polymer in regards
to HTM analysis

MIP Compositional Brief analysis of results
reasoning obtained
o1 Ratios obtained from NIP signal unstable
previous work
More monomer to Sharp differentiation MIP
02 reduce non-specific and NIP, optimal
binding dynamic range
More porogen to MIP layer unstable in
03 stimulate nanocavity water, signal fluctuating
formation
More porogen to Layer more stable than
04 stimulate nanocavity MIP3 but no MIP/NIP
formation differentiation

Functional and crosslinking monomers were selected for the synthesis of the
grafted polymers based on previous work [5]. Different MIP batches with
different monomer:crosslinker ratios were evaluated using HTM, with MIP-
RL and NIP-RL readings occurring simultaneously in parallel running flow
cells. The data of these measurements were summarized in Table 1 (raw data
in Supplementary S3). The imprinting effect (IE) of the MIP-RL’s was also
determined with MIP-RL0O2 demonstrating the highest IE = 3.49 (C = 25 nM),
indicating binding of 2-MXP towards the MIP-RL was 3.5 times more effective
than that towards the NIP (see Supplementary Table S1). MIP-RL02 provided
the most significant results of the compositions tested, not only in terms of
analyte binding to the MIP-RL/NIP-RL but in terms of the amount of noise
within the signals analyzed. As 2-MXP is introduced into the system, the MIP-
RL begins to bind the target analyte, leading to an increase in thermal
resistance that can be observed as a decrease of the transmitted temperature
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(Figure 5a). The effect size was calculated for both MIP-RL and NIP-RL (Figure
5b) and used to construct a dose-response curve that demonstrates a clear
difference over the entire concentration range. The curves were fit using a
dose-response fit in OriginPro8 (OriginLabs Corporation, Northampton, MA,
United States) the MIP (red curve, R? = 0.96404) and NIP (black curve, R2
=0.74904). The LoD was calculated to be 13 nM using the previously described
30 method. Although the dynamic range only stretches from 10-120 nM, the
sharp differentiation between MIP-RL and NIP-RL and the improvement of
the LoD by nearly an order of magnitude are highly beneficial in terms of
analytical application of the sensor. The improved LoD can be attributed to a
more stable thermal signal and an improved effect size. The stability of the
measurement signal can be understood in terms of homogeneity of the solid-
liquid interface. The grafting approach yields one homogenous phase
boundary for the thermal signal to permeate, whereas the stamping of MIP
particle introduces two heterogeneous boundaries. Therefore, the signal from
the grafted receptor layers contains less noise as the thermal signal does not
have to compensate for multiple changes in heat capacity across multiple
materials. The grafted polymeric layers offer greater surface area compared to
the previous deposition of polymeric particles, with an increased area of the
receptor layer that can potentially bind analyte. These considerations offer
validity to the increased effect size demonstrated by the MIP-RL and the ability
of the receptor layer to bind 2-MXP.
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Figure 5. HTM analysis of MIP02, (a) Temperature profile for both the MIP and NIP
through the experiment for a series of 7 infusions, (b) the dose response calculated from
mean values at each stabilisation point after each infusion. (Error bars calculated using the
internal error / noise of the signal)

Reproducibility of MIP-RL

To demonstrate the reproducibility of surface grafting of MIP-RL for 2-MXP
detection, multiple batches of receptor layers were grafted and performance
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comparisons drawn. Rebinding was analyzed using the HTM and the data
processed as described in the previous chapters. The results, summarized in
Table 2, indicate that the inter-batch variance is minimal with an average LoD
of 12.3 + 3 nM and average binding capacity of 112 + 10 nM being observed.
These results confirm and highlight the reproducibility of the polymeric
grafting method. Therefore, the noise on the signal can be regarded as the
limiting factor in terms of sensitivity. The standard error shown in all HTM
measurements is therefore the maximum error on the measurement signal
observed in the part of the graph under analysis.

Table 2. Limit of detection and binding capacities for different batches of MIP02
synthesised

MIP Batch LoD (nM) Binding Capacity (nM)
1 13 120
2 9 100
3 15 115

Optimization of receptor layer thickness

Surface grafting of the polymeric receptor layer was optimized further,
controlling layer thickness by varying the amount of time the functionalized
aluminum was subjected to the polymerization mixture. Generating a
correlation between exposure time to the polymerization mixture, and the
thickness of the receptor layer generated (Figure 6a). The culminating graph
displayed a linear relationship between the time and layer thickness for MIP
(R2=0.97545) and NIP (R?=0.96882), as the exposure time increased as did the
receptor layer thickness until 180 minutes. At this point, the polymerization
mixture reached a critical point causing rapid spontaneous polymerization
throughout the solution. Formation of a rigid polymer sheet therefore ensued,
covering the entirety of the base of the beaker. Loss of porogen throughout the
experiment due to evaporation may have been the causality, resulting from
constant heating of the porogen at 65 °C or the heat generated from the
polymerization itself. Observed polymer formation occurred more rapidly for
the NIP, stemming from the absence of template molecule that can limit the
interactions between the reacting radical initiator, crosslinker, and monomer.
Therefore polymer formation occurs more steadily for the MIP that is inhibited
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by the presence of 2-MXP, making the overall thickness of the polymeric layer
less at each time point.

An optimum receptor layer thickness was found, with each of the layers tested
showing a variety of sensitivities towards the exposed concentrations (Figure
6b). Initially the sensitivity of the receptor layer increases with the thickness of
the layer, indicating the recognition of the polymer towards the target analyte
is high. The amount of potential binding sites increases with increasing layer
thickness, leading to an improved sensitivity of the methodology. However,
when the receptor layer thickness reaches 110 um, the sensitivity of the layers
decrease. The mass and bulk of the polymer is much greater than the target
analyte, therefore it takes a greater concentration of analyte to produce a
significant response. Therefore, an optimum layer thickness is established
between mass transfer of polymeric receptor layer and thermal resistance
induced by occupying binding sites at the solid-liquid interface. To confirm
this relationship, the corresponding dose response curves were fitted ( y =
Aet + y°) using OriginPro8. Values of the constant (A) were taken as a
representative of each of the curves fitted and plotted against the respective
layer thicknesses generating a graphical representation of the relationship
between sensitivity and receptor layer thickness (Figure 6c). A polynomial fit
was found to represent the data set best (R2=0.96138), confirming the optimum
receptor layer thickness of 110 pum, and the relationship between sensitivity
and receptor layer thickness that was previously theorized.
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Figure 6. (a) Thickness of MIP/NIP-RL with an increasing exposure time to the
polymerization mixture, (b) Dose response curve of each receptor layer thickness when
exposed to varying concentrations of 2-MXP during HTM analysis, (c) relationship
between receptor layer thickness and the coefficient (A) of the corresponding dose
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response curve fit (y = Ae +y°). Error bars were generate from the error calculated in
each of the curves exponential fitting.

Selectivity of MIP-RLs

Selectivity of the MIP-RL was demonstrated by conducting further HTM
analysis of the grafted receptor layer samples. Experimental parameters and
the procedure remained as per pervious, while MIP-RLs were exposed to
analogue molecules and 2-MXP. Competitive analytes were selected based on
chemical architecture, similarities in psychoactive effect and if the compound
is a known common adulterant that is found “cut” with 2-MXP. To this end,
diphenidine (structural analogue of 2-MXP), paracetamol, caffeine, and
sucrose (both common adulterants found in drug samples) were selected for
analysis (chemical structure in Supplementary Information Figure S4). All
competitive analogues were solvated in PBS beforehand, being prepared in the
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same concentration range previously tested with 2-MXP (10 — 60 nM), therefore
allowing a direct comparison to be made between the compounds. As
previously stated the temperature response observed for each compound at all
concentrations under study was converted into an effect size and plotted
against the concentration of analyte, allowing for the construction of a
comparative dose-response curve for the MIPs (Figure 7a) and NIPs (Figure
7b). The generated dose response curves correspond to how the stated
molecule interacted with the MIP-RL imprinted for 2-MXP, with a dose
response for 2-MXP being plotted for a direct comparison.
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Figure 7. HTM analysis of compounds (caffeine, 2-MXP, diphenidine, sucrose and
paracetamol) introduced to the receptor layer inside the flow cell at varying
concentrations (10 — 60 nM) and their corresponding effect size for (a) MIP-RL and (b) NIP-
RL. (Error bars calculated using the internal error / noise of the signal, and were the
average of multiple sample analyzed)

From figure 7a, 2-MXP presents the highest level of binding to the MIP-RL,
with diphenidine also demonstrating a high affinity towards the receptor
layer. The binding towards the receptor layer of the two compounds is
marginally different, with standard deviations from both demonstrating an
overlap with each other. This close proximity in binding suggests no significant
difference in terms of binding between the two structures. This can be
attributed to the diphenidine only differing in structure from 2-MXP due to the
presence of a methoxy group on the aryl system. As the methacrylic acid
present in the receptor layer primarily interacts with the amine present in both
molecules, similar binding behaviour was to be expected. The marginally
higher affinity for 2-MXP can therefore be credited to the unique spatial
arrangement of 2-MXP, complementing the nanocavities present in the
receptor layer in a more defined way.

Differentiation between 2-MXP and the other compounds tested proved easier,
with caffeine, paracetamol and sucrose having a diminished effect size in
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comparison to the diarylethylamines. These molecules contain varying
functionalities including ones present in 2-MXP, however both the spatial
distribution of these analogues as their chemical structures is significantly
different from that of the target, resulting in a reduced interaction with the
binding pockets in the MIPs. This further illustrates that the imprinting effect
is a combination of multiple interactions.

Table 3. Imprinting Effect (IE) for the MIP-RL compared to that of the NIP-RL at C = 0.25
nM for the comparison of how the IE differs for each of the compounds tested.

Compound IE
2-MXP 27.51

Diphenidine 23.85
Caffeine 0.93
Sucrose 3.07

Paracetamol 0.15

When comparing MIP-RL (Figure 7a) and NIP-RL (Figure 7b) a direct
comparison between non-imprinted receptor layer and imprinted receptor
layer can be drawn. Table 3 indicating the IE observed by the MIP-RL with
respect to NIP-RL for each of the analytes tested. The IE was calculated in much
of a similar way to the more classical imprinting factor by taking the effect size
of both MIP-RL and NIP-RL at a given concentration and dividing one by the
other. Thus, the IE provides information how the MIP-RL functions compared
to that of the reference NIP-RL layer. The IE for both 2-MXP and diphenidine
are higher than that of the other analytes tested, showing that the MIP-RL has
a higher affinity towards these targets. This is a strong indicator of the
imprinting effect accomplished in the preparation of the receptor layers, with
high selectivity being shown towards the target molecule and a structural
analogue. The other analyte structures tested showed low IE values, with some
values being indicative of the NIP-RL displaying a higher affinity towards the
analyte than the MIP-R.
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Conclusions

The data presented in this article clearly illustrate the benefits that surface
grafting polymeric receptor layers has in the field of sample analysis and
elucidation. Straightforward synthetic modification of aluminum plates
allowed for the direct grafting of finely tuneable recognition layers, avoiding
the need for further deposition methods. This resulted in more homogenously
covered substrates and an improved sensitivity in comparison to more
traditional approaches of immobilizing MIP particles onto a sensing surface.

This study further illustrates that receptor layer composition is critical in
determining the binding characteristics of a synthetic receptor layers.
Optimized MIP particles and MIP-RL both contained MAA and EGDMA as
constituent elements of the polymeric structure, demonstrating the versatility
and applicability of the monomer and functional crosslinker in both situations.
Imprinted receptor layers showed higher molecular recognition capabilities
compared to their non-imprinted references, indicating the synthetic approach
is a viable method of generating imprinted polymeric networks. An observed
reduction in LoD was achieved with the grafted MIP-RL, leading to a 10-fold
increase in sensitivity compared to that of the stamped MIP particles. A new
lower LoD of 13 nM opens up the possibility of trace analysis compared to the
previously established LoD range of the MIP particles that sat at 100 nM.

The sensitivity of the receptor layers was investigated, building a relationship
between layer thickness and sensitivity. The study established the optimum
layer thickness, correlating layer thickness with thermal sensitivity. A receptor
layer thickness of 110 um proved to be the optimum, with values lower or
greater than this having an impeded reduced sensitivity towards detection of
the 2-MXP target. The selectivity of the receptor layer towards 2-MXP was also
demonstrated with compounds with an array of functionalities and chemical
architectures being introduced to the receptor layer. 2-MXP was proven to
have the highest binding affinity at lower concentrations, generating the
highest effect size out of the compounds tested. This concept was further
investigated by comparing the MIP-RL directly with the NIP-RL, generating IE
values that allows a numerical value to be related to the higher binding
observed by 2-MXP. Thus, demonstrating the imprinting effect relies upon
interactions between functionalities and the spatial arrangement of molecules
to ensure a dependable level of molecular recognition.

In short, each of the experiments presented demonstrates the versatile nature
of polymeric receptors and how they can be exploited in sensing devices.
Grafting polymeric layers directly to substrates is shown to yield a polymeric
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layer that has sensitive recognition capabilities and offers an alternative to
other deposition methods. Highlighting the benefits of growing a polymeric
structure directly on a surface, offering higher reproducibility and greater
sensitivity than previously seen when coupled with the HTM.
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Figure. S1. FTIR spectrum of the different stages of modified aluminium, including
hydroxylation, silylation and finally the grafting of the polymer

Table S1. Pre-polymerization mixture compositions tested for the grafting of imprinted
polymers directly to aluminium surfaces.

MIP MAA EGDMA Toluene Initiator 2-MXP Imprint
(mL) (mL) (mL) (mg) (mg) Effect
01 1 3 20.0 200 200 0.91
02 1 4 20.0 200 200 3.49
03 1 3 22.5 200 200 0.82
04 1 3 25.0 200 200 1.03
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Figure S2. Profilometer measurements of MIP particles deposited into a spin coated
adhesive PVC layer, with cross sectional analysis of layer thickness. (a) First sample
analyzed using the deposition method and (b) another second sample prepared using the
same deposition method for comparison.

113



—MIP
36{——NIP
§ —— Temperature
4
g S50nM  250nM 450nM 650nM 850 nM
3 344
-4
£
@
=
“
32
/ f
| /
J : [
0 200 4000 600 800 10000 12000 14000
Time (s)
®) 35
MIP
—NIP
o 36 4 — Heater
E” PBS 50nM 250nM 450nM 650nM B850 nM 1000 nM
E]
[ {,v_m N /""' ‘,_,s.
g { f | |
/
= | .' , /“"
I
]
32 T ‘ll
0 2000 4000 10000 14000
Time (s)
© o
—wmip
— NP
. ag] —Heater
e
e pES S0nM  250nM  450nM 6S0nM  850nM 1000 ni
£
&

Figure S3. Temperature profiles determined using the HTM analysis of the surface
grafted (a) MIP-01, (b) MIP-03, and (c) MIP-4 and the corresponding NIPs using varying
concentrations (50 — 1000 nM) of 2-MXP.
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Figure S4. Structures of competitive analytes (a) 2-MXP, (b) Paracetamol, (c) Caffeine, (d)
Sucrose, and (e) Diphenidine
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Chapter 4




Substrate displacement colorimetry (SDC) preface:

Based on the previous publication/chapter a new approach was taken when
attempting to design a mip-based sensory platform. Previously, a change in
thermal resistance was used as an indicator for the presence of a target
substrate, and though effective, the methodology still requires a readout
platform to successfully translate a binding event into a tangible signal. An
approach based on a transducing principal that omits the need for any
instrumentation entirely was therefore investigated, transforming a binding
interaction at the surface of the MIP into an event that can be perceived with
the naked eye.

The developed method is based on a dye displacement assay, where a MIP is
produced for a desired target compound and preloaded with a dye. Incubation
with the target compound leads to the release of said dye into the surrounding
medium, and therefore the presence of the target molecule is visually
confirmed. Variations of this technology have been demonstrated before, but
no variation investigated the preloading of the dye molecule before
reintroduction of the template.

This approach enables a MIP to be utilized in a manner where little
modification to the base MIP composition is required, and removes the need
for a transducer. This therefore makes the technology particularly valuable for
in-the-field-testing, where equipment is limited. It can be imagined that this
technology could have a large impact in the field of rapid drug sensing, being
able to confirm the presence of a compound without expensive or time

consuming analysis.
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Abstract

In this work, a novel detection assay for the new psychoactive substance (NPS)
2-methoxiphenidine (2-MXP) and other diarylethylamines is introduced. The
assay is based on the competitive displacement of dye molecules from
molecularly imprinted polymers (MIPs) by the target molecule. The assay was
fully characterized by studying the affinity of the MIP for six common dyes,
expressed as the binding factor (BF). The results of this study indicate that the
mathematical relationship between the BF of a dye and the imprinting factor
(IF) for the target could be used for the prediction of the efficacy of the
displacement assay. Dye-loaded MIP particles where incubated with the
target, two adulterants and two legal pharmacological compounds. The target
has a higher affinity for the MIP than the dye and displaces it out of the
nanocavities of the receptor leading to a colour change in the filtrate that can
be observed with the naked eye. Incubation of the MIP particles with the
adulterants and legal medicines did not result in any observable change in
absorbance. The robust, fast and low-cost nature of the assay, combined with
its tailorable selectivity and generic nature, illustrate its potential as a pre-
screening tool for the identification of narcotic substances in unidentified
powders.

Keywords: Molecularly imprinted polymer, displacement assay, colorimetry,
new psychoactive substance identification
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Introduction

Molecularly imprinted polymers (MIPs) have emerged as synthetic receptors
in a wide range of applications over the past few decades [1,2]. Drawing
parallels with enzymes, these MIPs contain nanocavities that serve as selective
binding pockets for a specific substrate [3]. The origin of MIP selectivity lies in
the synthesis process, where a polymer is crosslinked in the presence of a
template molecule [4]. The affinity of the MIP towards the target can be tailored
by fine-tuning the constituent components and ratios. In this way, MIPs can
display binding affinities for their target that are similar to biological receptors
but are able to withstand harsh physical and chemical conditions in contrast to
their natural counterparts [5-7]. Along with their generic, low-cost synthesis
process, this makes MIPs interesting for incorporation into biomimetic sensing
devices for the detection of a wide variety of compounds in biological samples
[8-12].

MIPs have advanced much over years, evolving from bulk polymerized
monoliths to more elegant nanoparticles that form the basis of many
biosensing devices [13-16]. The replacement of biological receptors by MIPs in
alternatives to classical competitive assays in biomedicine was introduced by
Vlatakis et al. with the advent of so-called molecular imprinting sorbent assays
(MIAs) [17]. Traditionally, these assays combined bulk polymerized MIPs and
radio-labelled analytes in a competitive binding assay, studied by
spectroscopic methods [18]. Other assays were soon introduced, based on the
competitive binding of the target and fluorescent-labelled [19] and enzyme-
linked substrates [20], as radio-labelling is expensive and poses a health risk.
Alternatively, displacement assays were developed that made use of MIP
particles pre-loaded with fluorescently labelled target molecules [21, 22].
Incubation of these pre-loaded particles with a solution containing the target
resulted in displacement of the labelled-substrates which could be assessed by
fluorescent microscopy. The high selectivity and sensitivity of these assays
makes them extremely suitable for the detection of trace amounts of analyte
but many applications do not require these extreme degrees of sensitivity and
selectivity. In this light, several displacement assays were developed that were
based on the displacement of a dye that could be observed by absorption
spectroscopy, omitting the need for an expensive and labour-intensive
procedure such as fluorescent labelling [23-25].

In this study, a novel drug detection assay, coined substrate displacement
colorimetry (SDC), is introduced. The assay is able to detect several narcotic
compounds based on the colorimetric detection of displaced dye molecules.
MIPs were synthesized for the new psychoactive substance (NPS),

121



methoxphenidine (2-MXP). The classical bulk imprinting approach was chosen
due to its easy and scalable synthesis procedure. The synthesis protocol was
optimized and binding of six commonly used dyes to the MIP was analyzed to
determine the binding factor (BF) for each dye. This BF was compared to the
MIP imprinting factor (IF) to establish a straightforward prediction model for
assessing dye-target combinations. Next, MIPs were loaded with malachite
green and washed thoroughly to ensure complete removal of any unbound or
weakly bound dye molecules. When exposing these dye-loaded MIPs to a
sample containing their target, the dye will be displaced due to the higher
affinity the MIP has towards the target analyte, releasing the dye into the
surrounding medium (Figure. 1).
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Figure. 1. Substrate displacement colorimetry principle. Extracted MIPs (2-MXP) are
loaded with a structural similar dye (crystal violet). When the MIP is incubated with its
original template, the dye is displaced from the binding pockets and released into the
surrounding medium.

Most low-cost field colour tests suffer from false positives when analysing
samples containing adulterants or legal pharmacological compounds and the
use of MIPs as synthetic receptors in this assay could overcome this problem
to a large extent [26]. The current assay does not display any cross-selectivity
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between 2-MXP, two common adulterants and two legal pharmacological
compounds. At the same time, the assay is able to detect other
diarylethylamines in addition to 2-MXP. In this way, the experiments
summarized in this paper illustrate a proof-of-concept for a low cost drug test
that allows the end-user to visually determine the presence of narcotics in an
unidentified powder and selectively identify e.g. an NPS in a complex mixture,
a task that proves hard for routinely used, low-cost drug tests. In addition, a
simple absorbance measurement on a spectrophotometer suffices to quantify
even tiny amounts of 2-MXP that do not yield a colour reaction that is visible
with the bare eye.

The use of SDC for the rapid and low-cost identification of NPS in unknown
powders can be considered highly relevant, as the production and distribution
of these compounds has expanded tremendously in recent years. NPS are
typically based on legitimate pharmaceutical compounds and illegal
psychoactive pharmacophores and their popularity and presence rises as it
allows both users and narcotic producers to avoid legal restrictions [27].
Although these compounds are sometimes referred to as “legal highs” they are
every inch as dangerous and addictive as their natural counterparts, leading to
over-dose related deaths, physical and mental addiction and long-term
damage to the central nervous system leading to a wide variety of conditions
including psychosis and suicidal ideation [28, 29]. In response to authorities
banning defined substances, the specific compounds on the market change
rapidly. This makes it hard to study their effects, reinforce proper legislation
and inform potential users of the dangerous effect of abusing these substances.
In addition, rapid and specific detection of these compounds is vital in terms
of adequate treatment and timely intervention. Therefore, a low-cost drug test
that allows for selective detection of these compounds and their derivatives
would be useful as most current drug test tend to yield false negatives when
analysing NPS [26].

The results described in this paper show the potential use of this novel, low-
cost assay in selectively detecting narcotic compounds in unidentified
powders. The selectivity of the MIP makes the test superior over other
commercial routine screening tools while the ability to still recognize similar
compounds of the same drug class, will avoid drug producers avoiding
legislation by continuously changing the synthesis protocol. The possibility of
quantifying the response using simple spectrophotometry, illustrates its
potential for more in-depth analysis of complex samples containing trace
amounts of illicit substances as an alternative to expensive state-of-the-art
techniques based on mass spectrometry that are usually confined to a
laboratory setting. Although the concept has only been demonstrated for one
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class of NPS, it can be expected that the technology can be extended to other
targets in a fairly fast manner given the constant scientific progress within the
field of molecular imprinting. Additionally, the MIP-based displacement
approach could be extended towards other diagnostic applications in the
future increasing its potential impact on the field of biomimetic sensing
dramatically.
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Materials and methods

Chemicals and reagents

Prior to polymerization, stabilizers were removed from the functional and
crosslinking monomers by passing the solutions over a column packed with
alumina. All chemicals and solvents were obtained from Sigma Aldrich. All
solutions were prepared with deionized water of resistivity of 18.2 MQ cm or
with phosphate buffered saline (PBS) solutions.

Synthesis of molecularly imprinted polymers

The synthesis protocol was optimized by varying the ratios of monomers,
target and crosslinker (Supplementary Information Table S1). The best results
were obtained by dissolving a mixture of the functional monomer methacrylic
acid (MAA 1.02 mmol), crosslinker molecule ethylene glycol dimethacrylate
(EGDMA 1.7 mmol), and initiator azobisisobutyronitril (AIBN 0.30 mmol) in
dimethyl sulfoxide (DMSO) together with the template molecule (0.17 mmol).
The mixture was purged with N2 before the initiation of the polymerization.
Polymerization was performed by heating the mixture up to 65°C for 12 h,
allowing for full completion of the reaction. MIPs and NIPs were milled seven
times using a Fritsch Planetary Micro Mill Pulverisette 7 premium line (700
rpm, 5 minutes, 10 mm balls). After milling, the particles were sieved at 1.0 mm
amplitude using a Fritsch Analysette 3 for 4 hours or until sufficient amount of
polymer was on the collection plate to achieve microparticles with sizes
smaller than 100 pm. Finally, the template molecule was removed from the
MIP powders by continuous Soxhlet extraction with a 1:10 mixture of acetic
acid and methanol for 12 h, followed by further extraction with pure methanol
for a further 12 h. Extraction was verified using FTIR (see Supplementary
Information Fig. S1). The MIP powder was then dried at 60°C overnight,
yielding the extracted dried MIP powder. The NIP was prepared in the same
manner, without the presence of the template molecule. MIP morphology was
studied using scanning electron microscopy (see Supplementary Information
Fig. S2).

Batch rebinding experiments

Optical batch rebinding experiments were evaluated with a Shimadzu UV-
3600 spectrophotometer. A 1 mM stock solution consisting of PBS and target
substrate was used to prepare an array of solutions varying between 0 - 0.7
mM. To 5 ml of each solution 20 mg of MIP/NIP powder was added, and the
resulting suspensions placed on an orbital shaker (125 rpm) for 1 h at room
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temperature. After filtration, the free concentration of substrate in the filtrate
was determined by UV-vis spectroscopy and HPLC analysis, allowing binding
isotherms to be constructed. As a measure of specificity and in order to
compare the different MIP compositions, the imprint factor (IF) was
determined at Cr = 0.05 mM. To determine whether the MIP could selectively
extract the target molecule from mixtures, selectivity tests were performed
with other substrates. This was done for all MIPs under study.

Preparation of dye-loaded MIP

To 20 ml of aqueous dye molecule (1 mM), 500 mg of previously prepared MIP
powder was added, and proceeded to be left on an orbital shaker (250 rpm) for
2 h. The resulting suspension was then filtered and the remaining filtered solid
washed with distilled water until the filtrate ran colourless. The coloured MIP
powder was then placed in an oven overnight at 90°C to yield a dry powder.
2-MXP MIPs were loaded with crystal violet, malachite green, methyl orange,
basic blue, phenol red, or pararosailine respectively to study the SDC principle
and to examine the effect of combining different dyes with different MIPs.

Kinetic analysis of Substrate Displacement Colorimetry (SDC)

The SDC assay was initiated by adding 20 mg of dye-loaded MIP powder to 5
mL of aqueous 2-MXP (1 mM). After varying fixed time intervals (1, 2, 3, 4, 5,
10, 15 and 20 minutes) of incubation on an orbital shaker, the solutions were
filtered and the colour of the filtrate observed. If there was a significant amount
of binding between the 2-MXP and the dye-loaded MIP, the dye would be
displaced and released into solution, resulting in a colour change after
filtration. Filtrates were examined both visually and optically using a
Shimadzu UV-3600 spectrophotometer, to build a relationship between the dye
displacement and the incubation time.

Substrate displacement Colorimetry (SDC) selectivity analysis

The SDC assay was initiated by adding 20 mg of dye-loaded MIP powder to 5
mL of aqueous analyte (1 mM). After a one minute of incubation on a shaker,
the solutions were filtered and the colour of the filtrate observed. This was
repeated for all MIPs under study and used to analyze samples containing
caffeine, paracetamol, aspirin, and sucrose. If there was a significant amount
of binding between the substrate and the dye-loaded MIP, the dye would be
displaced and released into solution, resulting in a colour change after
filtration. Filtrates were examined both visually and optically using a
Shimadzu UV-3600 spectrophotometer. As NPS have ever evolving minor
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structural changes, the dye-loaded MIP was also exposed to other
diarylethylamines, assessing if the assay would be able to cope with
continuously changing compositions of NPS.

SDC Quantitative analysis of loaded 2-MXP MIP

To examine the potential for quantifying drugs aqueous solutions containing
varying concentrations (0.01 — 1 mM) of 2-MXP and caffeine were incubated
with 20 mg of malachite green-loaded 2-MXP MIPs and shook on an orbital
shaker (125 rpm) for 5 minutes. The solutions were then filtered and the
absorbance of the malachite green displaced into solution was determined by
UV-vis spectroscopy. All measurements were performed in triplet and a mean
absorbance and standard error was calculated for each concentration. The data
were fit using Origin Pro 8.
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Results and discussion

Batch rebinding analysis

Table 1. Imprint factors and binding capacities of the MIPs synthesized templated with 2-
MXP

MIP IF Binding capacity
(umol g1)
MIP-21 1.02 141
MIP-22 1.32 146
MIP-23 1.01 156
MIP-24 1.83 159
MIP-25 1.07 149

The specificity and binding capacity of MIPs optimized for the detection of 2-
MXP were analyzed by means of UV-vis spectroscopy. The results obtained in
batch rebinding experiments with both functionalized MIPs and their non-
imprinted reference (non-imprinted polymers or NIPs) were used to construct
binding isotherms by plotting the amount of target bound per gram of polymer
(Sv) in function of the free concentration (Cs) of target remaining in solution. In
order to determine the imprinting factor (IF), the data, shown in Figure. 2, were
fit using an allometric (2-parameter) fit that reflects the heterogeneous nature
of the binding sites within the MIP particles. The IF was calculated as the
relative amount of binding by the MIP in comparison to the NIP at 0.05 mM
using the allometric fit, demonstrating various IF values and binding capacities
(Table 1). Of the MIP/NIPs tested, MIP-24 demonstrated the highest IF of 1.83
and a binding capacity of 159 pmol g.
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Fig. 2. Batch rebinding analysis on a UV-vis spectrometer: both a MIP imprinted for 2-
MXP and a NIP reference were exposed to increasing concentrations of 2-MXP in water.
Error bars are representations of the standard error over three measurements. The binding
isotherms show that the MIP is able to bind the target in a specific manner and an
imprinting factor of 1.83 can be observed at 0.05 mM.

Batch rebinding analysis: optimizing dye-MIP coupling

Rational design of the SDC assay was simulated by a similar batch rebinding
experiment as the one described in the previous chapter. 2-MXP MIPs were
incubated with six common, readily available dyes with structures that favour
the formation of hydrogen bonds (see Supplementary Information Fig. S3). The
resulting binding isotherms show that the MIP has the highest affinity for
malachite green. The highest degree of specific binding , which was expressed
as the binding factor (BF), was also observed for malachite green. BF was
calculated in an analogous way to the imprinting factor (IF) for the target but
distinguishes from this classical term as the dyes were not imprinted. The
resulting BFs and the extinction coefficients for each of the dyes were
summarized in Table 2. Malachite green was chosen as a dye due to its superior
binding factor and resulting positive effect on the selectivity of the assay. In
addition, the use of malachite green as a loading dye for 2-MXP MIPs was
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evaluated due to its high extinction coefficient, which should increase the

assay’s sensitivity.

Table 2. Binding factors and extinction coefficients for methyl orange, crystal violet,
phenol red, basic blue, pararosaniline and malachite green upon incubation with MIP-24

particles.
Extinction
Dye Binding Factor (BF) coefficient
(x103 M1 cm?)
Malachite green (A=616
1.19 148,000
nm)
Crystal Violet (A=590
1.05 87,000
nm)
Methyl O A=464
ethyl Orange ( 039 20,500
nm)
Basic Blue (A=616 nm) 0.81 62,000
Pararosaline (A=616 nm) 0.99 80,000
Phenol Red (A=432 nm) 0.98 55,000
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Table 3. Absorbance of the filtrates collected when MIP-24 loaded with either malachite
green, phenol red, crystal violet, methyl orange, pararosaniline, or basic blue, was exposed
to 2-MXP (1 mM) for 1 minute.

Pre-loaded Dye Absorbance Colour of filtrate
Malachite green (A=616 0.0750 Blue

nm)

Crystal Violet (A=590 0.0182 Colourless
nm)

Methyl Orange (A=464 0.0000 Colourless
nm)

Basic Blue (A=616 nm) 0.0000 Colourless

Pararosaline (A=616 nm) 0.0000 Colourless

Phenol Red (A=432 nm) 0.0000 Colourless

To demonstrate that malachite green was indeed the best available dye to be
used in this assay, MIP particles were loaded with crystal violet, methyl
orange, basic blue, phenol red, pararosaniline and malachite green and
exposed to 2-MXP. The colours of the resulting filtrates were observed with the
naked eye and the absorption was measured using the spectrophotometer
(Table 3). Malachite green has the highest degree of displacement, having a
visually observable coloured filtrate (Supplementary Information Fig. S4). The
other dyes did not produce a noticeable difference in colour of filtrate,
although a small amount of crystal violet could be detected with the
spectrophotometer. These findings are in line with their low BFs, indicating
that they will mostly occupy non-specific binding areas of the polymer and are
easily removed during the washing step. The displacement is presumed to
occur at the nanocavities where the 2-MXP has a higher affinity than the dye,
displacing it out of the cavities into the surrounding solution. As the coloured
MIP particles will be removed by means of a syringe filter the filtrate will only
be coloured when the dye was displaced.
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Batch rebinding analysis: optimizing dye displacement

Table 4. Imprint factors and binding factors when MIPs have been exposed to the target
2-MXP, and the dye malachite green, ABF indicates the difference in binding between the
target molecule and the dye. Absorbance readings displayed relate to the absorbance of
the malachite green after the dye loaded MIP has been incubated with 2-MXP (1 mM), and
the colour of the filtrate observed.

BF
MIP ﬁ)g)) (Malachite ~ ABF Absorbance Czll‘t’r‘:t:f
green) (A=616 nm)

MIP-21 1.02 1.42 -0.40 0.0000 Colourless
MIP-22 1.32 2.33 -1.01 0.0000 Colourless
MIP-23 1.01 1.22 -0.21 0.0000 Colourless
MIP-24 1.83 1.19 0.64 0.0750 Blue
MIP-25 1.07 1.04 0.03 0.0121 colourless

The observed binding factor of the dye is only one parameter that must be
considered when performing substrate displacement. If the MIP has a greater
affinity for the dye than for the target, no displacement will occur, and
therefore IF also plays a role in the efficacy of the displacement process. To
demonstrate this concept, previously synthesized MIPs for 2-MXP were
incubated with malachite green in a similar manner to the previous rebinding
experiments. The binding isotherms generated from this allowed for the
calculation of the binding factors of the malachite green towards each MIP
(Table 4). The difference between the IF and BF is designated ABF and gives an
indication to the differences in specific binding of the MIP towards malachite
green and 2-MXP. As ABF becomes more positive, the likelihood of dye
displacement increases. This is due to the target molecule having a higher
affinity towards the MIP than the currently bound dye molecule, as the
imprinting effect favours the target molecule. From the experimental data a
curve was constructed, depicting this mathematical relationship between BF
and IF (Fig. 3). The dashed line in the graph represents the point where BF and
IF are equal. Any MIPs that have data points below this line will not exhibit
displacement properties as the binding of the dye is greater than that of 2-MXP.
Confirmation of this theory was conducted by preloading each of the MIPs
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with malachite green, and then incubating the loaded MIPs with 2-MXP (1
mM). MIP-24, the MIP with the highest ABF, shows clear displacement of the
dye that can be visually observed (Supplementary Information Fig. S5) while
MIP 25 displaces less dye making visual observation more difficult. These
results were confirmed with UV-vis spectroscopy (Table 4).

3.0

271 BF = IF
2.4 4

214
MIP24

1.2 4 MIP25 - \ip2t MIP22

0.9 4 MIP23

Imprinting Factor (IF)

0.6 4

0.3

00+ , , , , ,
0 1 2 3
Binding Factor (BF)

Fig 3. Imprint factor — Binding factor graph for varying compositions of MIPs that are
imprinted for 2-MXP. Imprint factor is in relation to 2-MXP, and binding factor is in
relation to malachite green.

SDC: Incubation time dependency

To get an insight into the kinetic behaviour of the dye displacement process,
the effect of varying the incubation time on dye displacement was released.
The malachite green-loaded MIPs were incubated with 2-MXP (1 mM) for
different amounts of time, varying from 1 minute to 20 minutes. The UV
absorbance of the dye displaced was measured for each time period, to
determine the optimal operating time (Fig 4). A clear coloured filtrate is
already observed within a minute after incubation and a time-dependent,
linear increase in colour intensity could be observed during the first 10
minutes. The UV-vis data indicate that the curve levels after 10 minutes
eventually plateauing at 20 minutes, indicating that no additional dye is being
released from the MIP. These results indicate that detecting trace amounts of
narcotics in unknown powders in a quantitative manner will probably require
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longer time intervals but, depending on the concentration of drugs in the
sample, a fast test can also be performed.
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Fig 4. Time dependent elution isotherm for when malachite green loaded MIP-24 is
incubated with 2-MXP (1 mM) for varying time intervals. The UV absorbance of the
malachite green was measured using a UV-spectrometer, to determine the amount of dye
displaced.

Selectivity of the SDC

The selectivity of the MIP towards other pharmaceutical compounds
(paracetamol and aspirin) and common adulterants (caffeine and sucrose) was
assessed to come to a primary evaluation of the MIP’s potential to discriminate
an NPS from other morphologically similar white powders. The batch
rebinding analysis, (shown in Supplementary Information Fig. S6) indicates
that the MIP is very selective towards its target. The binding capacity of the
MIP for all these compounds (structures summarized in Supplementary
Information Fig. S7) is lower in comparison to the template and IFs do not
significantly deviate from 1.The assay shows a similar trend; incubating MIPs,
pre-loaded with malachite green, with any of the analogue powders, did not
result in any visible colour change in the filtrate (See Supplementary Fig. S8).
Further analysis of the filtrates by means of UV-absorbance readings (A=616
nm, Malachite green’s most intense absorbance peak, Table 5) confirmed that
the dye was not present in the filtrate. The presence of 2-MXP, is the only
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compound tested that elicited a response from the dye loaded MIP, showing
the selectivity of the MIP against other possible chemical architectures.

Table 5. Compounds of different chemical classes (a) and compounds of the same class as
2-MXP (b) were incubated with the malachite green loaded MIP. The filtrates were then
collected UV-absorbance measured (A=616 nm) and colour of filtrate observed

(a)sutl?s ltfriize:ltass Absorbance Colour
Blank 0 Colourless
Caffeine 0 Colourless
2-MXP 0.0750 Blue
Paracetamol 0 Colourless
Sucrose 0 Colourless
Aspirin 0 Colourless
(b) Same substrate
class
2-MXP 0.0750 Blue
3-MXP 0.0217 Blue
4-MXP 0.0261 Blue
Diphenidine 0.0193 Blue
2-MEPE 0.0131 Blue
3-MEPE 0.0103 Blue
4-MEPE 0.0163 Blue
Ephenidine 0.0998 Blue

However, 2-MXP falls in the class of compounds known as diarylethylamines
that are known to induce psychoactive effects when consumed. Drug
producers tend to slightly modify the structure of these compounds to avoid
legislation. Therefore, known psychoactive diarylethylamines are shown to be
structural analogues or region-isomers of 2-MXP (structures summarized in
Supplementary Information Fig. S9), giving them a high affinity towards the
MIP. This apparent limited selectivity of the MIP system could be of great
analytical use because it allows for the detection of other diarylethylamines
without the need for synthesizing a MIP for each new NPS of this class that
reaches the market. MIP particles, pre-loaded with malachite green, were
incubated with other aqueous solutions of diarylethylamines, leading to
displacement of the dye and visibly coloured filtrates (Supplementary
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Information Fig. S10), UV-absorbance readings were taken to confirm
displacement (Table 5). This illustrates that the assay can be tailored towards a
broader array of analytes sharing a similar structure.

SDC: quantitative analysis

To verify whether it is possible to quantify the colorimetric response, malachite
green-loaded and crystal violet-loaded MIP powders were incubated with
increasing amounts of 2-MXP and caffeine (0.01 — 1 mM for both compounds)
and analyzed using a UV-vis spectrometer to determine the amount of target
present in the analyte. The data shown in Figure 5a shows that the MIP releases
dye in a concentration-dependent manner when exposed to increasing
amounts of 2-MXP. Exposing the dye-loaded MIP to caffeine does not result in
any measurable displacement of the dye over the entire concentration range.
In order to determine the limit-of-detection (LoD) the lower concentration
range was plotted and analyzed separately in Figure 5b. The data were fit using
a linear regression line (R? =0.95653) and the 30 method was used to establish
a detection limit of 50 uM. This indicates that the technology can be used to
detect micrograms of unknown powders dissolved in milliliter amounts of
water.
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Fig. 5. Quantitative 2-MXP assay: to determine the limit-of-detection (LoD) for the SDC
assay using 2-MXP MIPs loaded with malachite green. The plot over a wide concentration
range indicates that the response for 2-MXP can be quantified while exposing the MIP to
an increasing concentration of caffeine does not result in any measurable displacement of
the dye (a). Zooming in on the lower concentration range shows a linear increase (R2 =
0.95653) and an LoD of 50 uM was calculated using the 30 method (b).
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Conclusion

The results in this paper nicely illustrate the underlying principles of a
substrate displacement strategy that relies upon MIPs for their selectivity.
Structural similarities and similar spatial orientation of functionalities between
the dye and target molecule (2-MXP) were exploited to create a selective
detection assay. Out of the dyes tested, malachite green was found to show the
strongest specific affinity towards the MIP and the highest binding capacity
when bound. The intuitive relationship between the binding factor of a dye
and the imprinting factor of the target can be mathematically assessed to
predict correct functioning of the assay. The high extinction coefficient of
malachite green also enabled for the detection low amounts of drugs. The
kinetic study on the MIP-based assay revealed that application in drug
detection assays depends on the specific application at hand and a trade-off
between fast, reaction times and sensitivity needs to be taken into account.
Although the assay has demonstrated to be able to selectively discriminate
between NPS and compounds that can yield false negatives, it is not too
selective to enable drug producers and users to evade the test by slightly
modifying their synthesis process as the test is responsive to other
diarylethylamines too.

The quantitative nature of the assay has the additional benefit that although
trace amounts of drug molecules might not result in a color reaction that can
be seen with the bare eye, the spectrophotometer is able to pick up amounts as
low as 0.015 mg in 1 mL of aqueous solution which already suffices when
aiming at detecting drugs in street samples. However, the detection of drugs
or metabolites in biological samples would require lower detection ranges [30-
31]. However, giving recent advances in imprinting technology, it is possible
to dramatically improve the binding capacity and selectivity of the MIPs in the
future. By combining these improved MIPs with high extinction coefficient
dyes that are engineered to have very similar structures to the target, it should
be possible to bring the sensitivity of the assay into the physiologically relevant
concentration regime.

To our knowledge, it is the first time that a MIP sorbent platform has been
combined with low-cost dye molecules for the selective detection of illicit drug
compounds. The results obtained in this study illustrate that SDC is a highly
promising assay for low-cost and fast screening of unidentified powders for
the presence of narcotic substances. Due to the generic nature of the synthetic
receptors, the range of drug molecules that can be detected by the platform is
technically unlimited although the assay has to be optimized depending on the
desired target. This universal applicability, in addition to its tuneable
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selectivity and sensitivity, makes the assay advantageous over current low-cost
drug test kits. The low cost price and fast reaction time of the assay however,
are comparable to current low-cost tests, rendering SDC advantageous in
comparison to classical laboratory techniques that are superior in selectivity
and sensitivity.
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Supplementary Information

Table S1. Composition of MIPs synthesized for the imprinting of 2-MXP, with the
corresponding imprint factor (IF) against the reference NIP.

T 1 i
P emp(;te mMap  Crosslinker initiatgy DMSO  IMPRINT
mg (2- nitiator
MXP) (mL) (mL) (mL) FACTOR

EGDMA ACVA

20 50 0.09 (EG ) ¢ 3 1.65
0.35 50mg
(EGDMA) ACVA

21 50 0.09 2 1.02
0.35 50mg

22 50 0.09 (EGDMA) ACVA 4 1.32

' 0.35 50mg ’

ACVA

23 50 0.09 (TRIM) 0.60 3 1.01
50mg
(EGDMA) AIBN

24 50 0.09 3 2.18
0.35 50mg
AIBN

25 50 0.09 (TRIM) 0.60 3 1.07
50mg
(EGDMA) AIBN

33 50 0.07 3 1.12
0.35 50mg
EGDMA AIBN

34 50 0.13 ( ) 3 0.9
0.35 50mg
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Figure. S2. SEM analysis of MIP particles at 250 (left), 1000 (middle) and 2000X (right)
magnification. The typical heterogenous structure of the MIP particles is typical for bulk
polymerized MIPs.

Methoxphanidine
hydrochloride salt

Figure S3. Chemical structures of dyes utilized for both rebinding and Substrate
Displacement Colorimetry (SDC) in comparison to the structure of 2-methoxphenidine.
(a) Basic Blue, (b) Phenol Red, (c) Pararosaline, (d) Malachite green, (e) Crystal Violet, (f)
Methyl Orange
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Figure. S4. SDC concept. MIP particles loaded with malachite green, phenol red, crystal
violet, pararosaniline, methyl orange and basic blue (left to right) were incubated with 5
ml 2-MXP (1 mM) for 5 minutes (top). The particles were then filtered off and the resulting
filtrates colour observed (bottom).

R s = e e

Figure. S5. SDC-concept. MIP-21, MIP-22, MIP-23, MIP-24 and MIP-25 (left to right) were
preloaded with malachite green and incubated with 5 ml 2-MXP (1 mM), filtered and the
colour of the filtrate observed.
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Figure. S7. Chemical structure of substrates under study:
caffeine (b), sucrose (d) and aspirin (e).
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Fig. S8. SDC concept. Malachite-green loaded 2-MXP MIPs were exposed to a range of
targets. The filtrate will only color when the MIP is incubated with its target as the dye
gets displaced from the MIP particles.
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Figure. S9. Chemical structure of substrates under study: diphenidine (a), 2-MXP (b), 3-
MXP (c), 4-MXP (d), ephenidine (e), 2-MEPE (f), 3-MEPE (g) and 4-MEPE (h).

Figure. 510. Malachite-green loaded 2-MXP MIPs were exposed to a range of
diarlyethylamines. There is no observable trend in the amount of dye displaced into the
filtrate.
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Chapter 5




MIP based dye displacement assay for amphetamine preface:

In the previous chapter, it was highlighted how a MIP-based dye displacement
assay can be produced by simply pre-loading a dye onto an extracted MIP. The
assay developed proved to be easy to use and rapid in response, with an
incubation period with the template molecule of only a minute. Some of the
other factors that govern the displacement process were investigated,
correlating the imprint factor of the MIP with the affinity of the dye being
displaced. Thus, enabling a working model to be incorporated to develop such
an assay.

The research prior focused on the development of an assay towards the
detection of 2-methoxphenidine, being a strong proof-of-principle molecule
due to its recent emergence on the illicit substance market and at the time little
being known about the compound. The use of this compound in this context
demonstrated that new psychoactive substances (NPS) could be easily
detected with the novel sensing platform, and leaned into the possibility
towards extending the assay format to other compounds.

The research in the next chapter does exactly this, though rather than extending
the concept towards other compounds in the NPS field but instead focuses on
amphetamine. Thus opening the research line towards the more classical drugs
of abuse, expanding the scope and demonstrating how the assay can be
tailored to a different chemical architecture.
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Abstract:

Traditionally, the rapid sensing of drug compounds relies upon antibodies,
enzymes and electrochemical reactions. However, these technologies can
frequently produce false positives/negatives and require specific conditions to
operate. A kin to antibodies, molecularly imprinted polymers (MIPs) are a
more robust synthetic alternative that has the ability to bind a target molecule
with an affinity comparable to that of its natural counterparts. With this in
mind, the research presented in this article introduces a facile MIP-based dye
displacement assay for the detection of (+) amphetamine in urine. The selective
nature of MIPs coupled with a displaceable dye enables the resulting low-cost
assay to rapidly produce a clear visual confirmation of a targets presence,
offering huge commercial potential. The following manuscript characterizes
the proposed assay, drawing attention to various facets of the sensor design
and thus optimization. To this end, synthesis of a MIP tailored towards
amphetamine is described, scrutinizing the composition and selectivity
(ibuprofen, naproxen, 2-methoxphenidine, quetiapine) of the reported
synthetic receptor. Dye selection for the development of the displacement
assay follows, proceeded by optimization of the displacement process by
investigating the time taken and the amount of MIP powder required for
optimum displacement. An optimized dose-response curve is then presented,
introducing (+) amphetamine hydrochloride (0.01 — 1 mg mL-1) to the
engineered sensor and determining the limit of detection (LoD). The research
culminates in the assay being used for the analysis of spiked urine samples
(amphetamine, ibuprofen, naproxen, 2-methoxphenidine, quetiapine,
bupropion, pheniramine, bromopheniramine) and evaluating its potential as a
low-cost, rapid and selective method of analysis.

Keywords: Molecularly Imprinted Polymers, Colorimetry, Displacement
assay, amphetamine
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Introduction

Discovered in 1887, Amphetamine has been notoriously a drug of abuse over
the decades with its uses varying from a cognitive enhancer, athletics enhancer,
treatment for nasal congestion, anti-depressant, euphoriant and even as an
aphrodisiac [1-4]. The name Amphetamine commonly refers to both
enantiomers being (D) dextroamphetamine and (L) levoamphetamine, with D-
amphetamine exhibiting a more pronounced effect on the central nervous
system (CNS) [5]. This activity and the list of potential uses poses an issue from
both a medical and analytical standpoint, giving rise to various challenges that
must be overcome. Confirmation of the presence of amphetamine in a hosts
urine is an analytical minefield, with current rapid screening methods failing
(e.g. immunoassays, ELISA) to discriminate between amphetamine and related
compounds such as tricyclic compounds, anti-depressants (quetiapine,
bupropion), anti-inflammatory drugs (ibuprofen, naproxen) certain
antihistamines (pheniramine, bromopheniramine), nasal inhalers, and even
some cold/flu medications [6]. Therefore, developing a test that can easily
discriminate between this wide array of compounds is essential. The most
prevalent methods of amphetamine detection are conducted on blood and/or
urine [7]. Urine analysis has the advantage of being non-invasive and posing
no risk to the patient. This also removes the complexities and associated costs
that are commonly associated with plasma analysis, and therefore the
possibility of detection of amphetamine in urine using molecularly imprinted

polymers seems the most interesting route from a commercial point-of-view.

Molecularly Imprinted Polymers (MIPs) have been a rapidly developing field
over the last couple of decades, with MIPs demonstrating selective analyte
binding affinities on par with that of enzymes [8-12]. In addition to being a
valuable asset in separation sciences, catalysis and sensor applications [13-29],
MIPs have been incorporated into colorimetric assays in over the years. The
conversion of a MIP into a colorimetric tool has many approaches, with various
molecular mechanisms being employed to achieve the desired colorimetric
verification (quantum dots, dye displacement assays, enzymatic reactions) [30-
36]. The most straightforward of which was introduce by McNiven et al,
synthesizing a dye labelled analogue of chloramphenicol that could be bound
to the MIP and displaced in the presence of the parent molecule [37]. It was
then demonstrated by Greene et al. that the displaced dye molecule does not
have to share a resemblance to the target molecule, opening up the possibility
of using a wide range of other dye molecules [38]. Benzofurazan dyes were
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used as an examples, generating a competitive binding assay to detect the
presence of six imprinted amine compounds. The concept was then taken
further by Lowdon et al. presenting the use of commercially available dyes
(malachite green) in a MIP-based dye displacement assay that was coined
substrate displacement colorimetry (SDC) [39].

MIP Based Dye
Displacement Assay

000000
Iargel
Analyte

Dye Displacement o
mechanism
o - ®
20 ' @
Dye . . Target . . .
. o
MIP ® ® ® @

Figure 1. Artistic interpretation of observable colour change when the MIP based dye
displacement assay is exposed to a solution containing a target analyte, and an
interpretation of the driving force behind the molecular mechanism.

In essence, SDC is a method of converting MIPs into a visual analytical tool by
pre-binding a dye molecule into the nanocavities available in the MIP. Upon
the addition of the template molecule, the pre-bound dye molecule is released
due to the higher affinity of the template molecule towards the complimentary
MIP. This process is therefore described as a displacement reaction, as one
molecule is replaced on the surface of the MIP by a higher affinity molecule.
Compared to other implementations of MIPs into sensing arrays, this MIP-
based dye displacement assay offers a fast and straightforward method of
gaining rapid visual confirmation of a target analyte (Figure 1). This previous
research focuses the technology towards the detection of New Psychoactive
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Substances (NPS), though the methodology would also be useful for the
detection of more classical illicit substances such as amphetamine.

In this article, we investigate the possibility of applying this technique towards
the detection of amphetamine, generating a rapid colorimetric test for its
presence in urine. To this end, a MIP is developed towards the binding of
amphetamine and its selectivity is demonstrated in the presence of common
molecular interferences. A full study on the binding of various dye molecules
is conducted, selecting the optimum dye for the displacement assay. The
results collected demonstrate the rapid nature of the generated assay,
specifying the optimized time span and amount of polymer powder required
for analysis. A dose-response curve illustrates the limit of detection (LoD) of
the methodology, building towards the analysis of spiked urine samples for
amphetamine.

The research endeavours to highlight how a simple MIP-based assay can be
developed towards the detection of an applicable real world target. Thus
stressing the benefits of the assay over the more conventional means of
analysis, while offering a low-cost alternative in the process. The commercial
implications of this technology could be monumental, with the potential of the
methodology being developed towards the analysis of a wide range of targets

in many sectors.
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Materials and Methods

Chemicals and reagents

Prior to polymerization, stabilizers were removed from the functional and
crosslinking monomers by passing the reagents over a column packed with
alumina. All chemicals and solvents were obtained from Sigma Aldrich
(Zwijndrecht, the Netherlands). All tested analyte solutions were prepared
with deionized water of resistivity of 18.2 M() cm-1 or with phosphate buffered
saline (PBS) solutions unless stated otherwise. License reference 506207WCO,
regarding the handling and storage of class 1 compounds within The
Netherlands.

Synthesis of molecularly imprinted polymers

The procedure for the synthesis of the optimized MIP followed the method
previously reported [39]. In essence, a mixture of the functional monomer
methacrylic acid (MAA, 0.27 ml, 3.1 mmol), functional crosslinker ethylene
glycol dimethacrylate (EGDMA, 1.73 ml, 9.2 mmol), and thermal initiator
azobisisobutyronitril (AIBN, 50 mg, 0.30 mmol) in 3 ml of dimethyl sulfoxide
(DMSO) together with (+) amphetamine hydrochloride (50 mg, 0.29 mmol) was
prepared in a 15 ml glass vial. The mixture was degassed with N2 before
initiating the polymerization reaction. The vial containing the reaction mixture
was then placed into an oil bath and heated at 65°C for 12 h, allowing for the
full completion of the polymerization reaction. The MIP proceeded to be milled
several times using a Fritsch Planetary Micro Mill Pulverisette 7 premium line
(700 rpm, 3 minutes, 10 mm balls). After milling, the particles were sieved at
1.0 mm amplitude using a Fritsch Analysette 3 for 2 hours or until sufficient
amount of polymer was on the collection plate to achieve microparticles with
sizes smaller than 100 um. Finally, the template molecule was removed from
the MIP powders by continuous Soxhlet extraction with a 1:10 mixture of acetic
acid and ethanol for 12 h, followed by further extraction with pure ethanol for
a further 12 h and drying of the particles at 65°C overnight. A reference non-
imprinted polymer (NIP) was also prepared in parallel. All MIP compositions
test can be found in Supplementary Information Table S1, alongside their
corresponding IF values.
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Optical binding experiments

Optical batch rebinding experiments were evaluated with a Shimadzu UV-
3600 spectrophotometer. A dilution series (0 — 0.7 mM) was prepared by
varying aliquots of a 1 mM stock solution of amphetamine hydrochloride being
added to PBS solution. Subsequently, 20 mg of MIP/NIP powder was added to
5 mL of each concentration and the resulting suspensions placed on an orbital
shaker (125 rpm) for 1 h at room temperature. After filtration, the free
concentration of substrate in the filtrate was determined by UV-vis
spectroscopy, allowing the construction of the corresponding binding
isotherm. As a measure of specificity and in order to compare the different MIP
compositions, the imprint factor (IF) was determined at Cf = 0.025 mM. This
method was repeated for each of the MIPs synthesized in this study, alongside
a selectivity study where an array of related compounds (ibuprofen, 2-
methoxphenidine, naproxen, quetiapine, 2-methoxphenidine) binding
towards the MIP was tested. Alongside the aforementioned analogues tested,
a series of dye molecules (crystal violet, basic blue, pararosaniline, mordant
orange and phenol red) had their affinities towards the MIP and NIP tested,
identifying the most feasible dye for SDC applications.

Preparation of substrate displacement colorimetry MIP particles

To 50 ml of aqueous crystal violet (1 mM) was added 1 g of MIP powder, this
was then left to stir (150 rpm) at R.T for one hour allowing the dye molecule to
bind to the MIP. The resulting suspension was then collected by means of
filtration, and washed rigorously with DI water (3 L) until the filtrate ran
colourless. To ensure there was no leeching of unwanted dye from the MIP, a
Shimadzu UV-3600 spectrophotometer measured the UV absorbance of the
filtrate collected. The washed dye loaded MIP particles proceeded to dried in
an oven at 80°C overnight, yielding the dried SDC MIP powder ready for
analysis. The same process was complete for the NIP, providing a reference

material for comparison in future experiments.

Time dependency of dye Displacement

SDC MIP particles (20 mg) were incubated with 5 mL of (+) amphetamine
hydrochloride (0.5 mg mL-1) in PBS (1x), evaluating the amount of dye
displaced by means of UV-spectroscopy (Amax = 590 nm) at defined time
intervals (1, 2, 3, 4, 5, 10, 20, 30 minutes). Each time interval was analyzed
individually with the SDC MIP particles removed at the specified time interval
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stated. The filtrate was then analyzed with a Shimadzu-3600 UV-
spectrophotometer (3.5 mL quartz cuvette, path length of 1 cm), and the
maximum absorbance (Amax =590 nm) noted. Each time interval was repeated
in triplicate, with the mean absorbance reported.

Optimisation of the mass of SDC particles for analysis

(¥) Amphetamine hydrochloride in PBS (1x) (10 mL, 0.5 mg mL-1) was
incubated with various masses of SDC MIP particles (10, 15, 20, 30 & 40 mg)
for 1 minute before the filtration of the sample. The remaining solution was
then collected and the absorbance of the crystal violet (Amax = 590 nm)
assessed by means of a Shimadzu-3600 UV-spectrophotometer (3.5 mL quartz
cuvette, path length of 1 cm). Each mass of SDC particles in the hydrogel mesh
was repeated in triplet, with the average absorbance and standard deviation
reported.

SDC Dose-response

A dose-response study was constructed by incubating the synthesized SDC
MIP (30 mg) with varying concentrations of (+) amphetamine hydrochloride
(0.01 = 1 mg mL-1) in PBS (1x) for 1 minute before the flirtation of the sample.
The filtrate proceeded to be analyzed by a Shimadzu-3600 UV-
spectrophotometer (3.5 mL quartz cuvette, path length of 1 cm) collecting the
spectrum for each sample (350 — 800 nm). The maximum absorbance of each
concentration (Amax = 590 nm) was then plotted against the concentration of
(¥) amphetamine hydrochloride added, allowing the dose response to
graphed. The process was then repeated for the NIP, providing a reference for
the displacement reaction to be compared against.

Selectivity of the dye displacement

To study the selectivity of the displacement reaction the SDC MIP was exposed
to 5 mL of various targets (0.1 mg mL-1) (ibuprofen, 2-methoxphenidine,
naproxen, quetiapine, 2-methoxphenidine) in PBS (1x) before visually
assessing the filtrate and collecting the absorbance spectrum.. The process was
then repeated for the analysis of each of the compounds in urine (collected
from one of the authors, and spiked with each of the specified compounds),
enabling a comparison of the assay in a simulated real world sample. Each
analysis was repeated in triplet, reporting the average values and standard
deviation.
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Results

Analysis of amphetamine MIPs

To analyze the binding capabilities of the MIPS synthesized, batch rebinding
experiments were undertaken. Known amounts of MIP/NIP powder (20 mg)
were incubated with increasing concentrations of (+) amphetamine
hydrochloride (0.1 — 0.7 mM) for 90 minutes, before measuring the remaining
free concentration of target in solution. This was achieved by means of
generating a calibration graph for amphetamine and extrapolating the Amax
(258 nm) absorbance values for the MIP/NIP solutions. Once the free
concentration (Cf, mM) remaining in solution had been confirmed, the amount
of target bound to the MIP/NIP per gram (Sb, umol g-1) was calculated,
allowing the construction of the corresponding binding isotherms. This was
done for each of the MIP/NIP compositions, with the binding isotherm for the
best performing (highest binding capacity, specificity and imprint factor)
MIP/NIP being shown below (Figure 2a).
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Figure 2. (a) The binding isotherm for MIP-32 (red) and NIP (black) in response to
increasing concentrations of (+) amphetamine (0.1 — 0.7 mM) in DI water, and (b) the
binding isotherm for MIP-32 in response to compounds that stimulate false positives on
current POC drug tests (ibuprofen, 2-MXP, Pheniramine, Bromopheniramine, Naproxen
and quetiapine fumarate).

The data was fit using OriginPro8 (OriginLabs Corporation, Northampton,
MA, United States) using an allometric (y=axb) fit, modelling the binding
isotherm of both the MIP (red line, R2 = 0.98419) and NIP (black line, R2 =
0.97139). MIP-32 had a maximum binding capacity of 93.13 umol g-1,
compared to 72.06 umol g-1 of the NIP.
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To evaluate and directly compare each composition the imprint factors (IF) of
each MIP/NIP was calculated; with the IF being defined as the amount of target
bound by the MIP in comparison to the amount of target bound by the NIP at
a given concentration. The concentration this calculation is performed at tends
to be low (Cf = 0.025 mM), giving an accurate representation of how the
MIP/NIP initially performs under unsaturated binding conditions (See
Supplementary Information Table S1). MIP-32, the best performing MIP,
therefore had a calculated IF value of 4.4 (at Cf = 0.025 mM).

The selectivity of the MIP towards (+) amphetamine was then scrutinized,
incubating the MIP with compounds that cause current tests to generate false
positives (Figure 2b). The compounds tested included ibuprofen (red circles),
2-MXP (blue triangles), naproxen (green diamonds), and quetiapine fumarate
(pink stars). The data for the interaction of the compounds with both MIP and
NIP is displayed, indicating whether the binding of each compound can be
contributed towards specific or non-specific interactions. To facilitate a direct
comparison of the binding the data was allometrically fit (y=axb) and the
substrate bound (Sb) calculated for each compound for both corresponding
MIP/NIP at Cf = 0.025 mM (See Supplementary Information Figure S1). The
binding factor (BF) for each compound was then calculated in the same manner
as the IF, thus generating a binding factor for each compound that could easily
be compared (Table. 1).
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Table 1. The amount of each compound bound to both MIP and NIP (Sb) at Cf = 0.25 mM,
and their corresponding binding factors (BF).

-1 -1
Sb (umol g) Binding Sb (umol g) .
inding
Compound (CE=0.025 Fa;;‘" Dye (Cf=0.025 Factor (BF)
mM) (BF) mM)
@ MIP: 18.90 s Crystal violet MIP: 48.43 .
Amphetamine NIP: 4.29 ) NIP: 29.29
MIP: 27.67 Mordant MIP: 27.38
2-MXP 0.71 MO 0.85
NIP: 38.30 orange (MO) NIP: 32.17
MIP: 5.77 . MIP: 61.82
Basic blue
Ibuprofen 0.41 BB 1.6
NIP: 13.91 (BB) NIP: 37.86
MIP: 73.33 Phenol red MIP: 5.89
Naproxen 0.76 PR 0.6
NIP: 96.47 (FR) NIP: 9.68
MIP: 59.57 . MIP: 63.26
L. Pararosaniline
Quetiapine 1.13 PA 1.1
NIP: 52.69 (PA) NIP: 57.52

The affinity of 2-MXP, ibuprofen and naproxen towards the MIP was less than
that of the affinity towards the NIP. Thus suggesting that the NIP offers greater
binding modes towards these compounds than the MIP.

Preparation and evaluation of the dye displacement assay

Evaluation of the binding affinities of dye molecules was conducted in a
similar manner to that previously described for the analysis of amphetamine
and the analogue compounds above. Though this time crystal violet, basic
blue, pararosaniline, mordant orange, and phenol red had their binding
capabilities assessed. The data was then fit, plotting the responsives of both the
MIP and NIP, giving an idication of which compound had the greatest specific
interaction towards the imprinted polymer (Figure 3). Of the dyes tested,
crystal violet gave the greatest difference in binding between the MIP and NIP
with basic blue being a close second. Basic blue, pararosaniline, crystal violet
and mordant orange demonstrated binding capacities with values of 113 umol
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g-1, 102 umol g-1, 76 umol g-1, and 73 umol g-1, with phenol red having the
weakest binding capacity of 37 umol g-1.
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Figure 3. The binding isotherm for MIP-32 in response to varying concentrations of dye
molcules (crystal violet — purple squares, mordant orange — orange circles, basic blue —
blue triangles, pararosaniline — pink hexagons, and phenol red - red diamonds).

To give a metric of how well each dye performed, the binding factor (BF) for
each dye was calculated from the fitted data (Table 1). The BF was calculated
at the same Cf (0.025 mM) as mentioned per previous, allowing for the direct
comparison in binding. Crystal violet (1.7) provided the highest binding factor
with basic blue (1.6) also having a strong specific interaction towards the MIP.
The other compounds proved to have either a greater inection towards the NIP
(phenol red, and mordant orange) or an interaction of par between the
reference and the MIP (pararosanaline).

Of the dyes tested, crystal violet was selected for incubation with the
synthesized MIP. Crystal violet demonstrated the highest binding factor
towards the MIP/NIP compared to the other dyes tested, demonstrating a high
binding capacity alongside the naturally high extinction coefficient of the dye.
Before a dose-response curve was conducted, the time for dye displacement to
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occur and the amount of SDC MIP powder required to carry out the reaction
was investigated. To this end 20 mg of SDC MIP particles were incubated with
aqueous (+) amphetamine hydrochloride (0.5 mg mL-1) and a blank (DI water)
for 30 minutes, taking absorbance readings at defined intervals (Figure 4a).
There was little to no change in the displacement of the dye after the one
minute mark, with the data showing no correlation with the increasing time
frame. This was further confirmed visually with a clear consistency in the
shade of the dye displaced. The blank demonstrated no leaching of the dye,
with the absorbance values remaining around the zero mark.
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Figure 4. (a) The time depenancy of the dye displacement when 20 mg of SDC MIP powder
was in the pressence of (+) amphetamine hydrochloride (0.5 mg mL-1, black squares) and
also incubatd with a blank (DI water, red squares), and (b) the effect mass (10 - 50 mg) of
dye loaded MIP has on the amount of dye displaced when incubated with (+)
amphetamine hydrochloride (0.5 mg mL-1). The absorbances plotted are that of crystal
violet (Amax =590 nm).

With the time for the displacement reaction to occur explored, scrutiny fell on
the mass of SDC MIP and how it impacted the amount of dye displaced. This
relationship was investigated by incubating varying masses of SDC MIP (5 —
50 mg) with aqueous (+) amphetamine hydrochloride (0.5 mg mL-1) and
monitoring the absorbance of the dye displaced (Figure 4b). A clear difference
in the amount of dye displaced from 5 mg to 30 mg can be seen, though after
this point there was little change in the absorbance. This is also visually
aparent, with the intensity of the violet colour increasing up until 30 mg. the
optimized mass was therefore carried forward to the dose-response, alongside
the optimized time determined in the previous experiment.
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Dye displacement assay dose response
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Figure 5. The UV-spectroscopy analysis of crystal violet (Amax = 590 nm) in the filtrates of
(a) SDC MIPs and (b) SDC NIPs (30 mg) that were incubated with varying concentrations
(0.01 - 1 mg mL -1) of (+) amphetamine hydrochloride in water. (c) The comparison of the
absorbance (Amax = 590 nm) for the SDC MIP/NIP at the corresponding concentration of
amphetamine hydrochloride. Error bars being one standard deviation from the mean
reading, and the blue dashed line being the LoD (0.009 mg mL-1) as calculated by the 30
rule.

To ensure the displacement assay performed as expected, the crystal violet
loaded SDC MIPs were exposed to varying concentrations of (+) amphetamine
(0.01 - 1 mg mL-1) and the amount of dye displaced quantised by means of a
UV-spectrophotometer (Shimadzu-3600). The absorbance spectra was
measured between 350 — 800 nm, capturing the Amax (590 nm) of crystal violet
(Figure 5a, Figure 5b). The absorbance data preceeded to be plotted and fit
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against the concentration of (+) amphetamine used using OriginPro8
(OriginLabs Corporation, Northampton, MA, United States) using an
allometric (y=axb) fit, modelling the displacement of dye from both the SDC
MIP (red line, R2 = 0.98419) and SDC NIP (black line, R2 = 0.97139) (Figure 5c).

The dye loaded MIP demonstrates a greater displacement than that of the NIP,
with the amount of dye displaced being to plateau after 0.5 mg mlL-1
amphetamine was introduced. The NIP plateaus a lot sooner with 0.1 mg mL-
1 being the greatest concentration to elicit an inceased dye displacement.
Therefore, the displacement from the MIP is observed to be quantitatively and
qualitatively greater than that of the NIP, with the filtrate demonstrating a
clear darker shade of purple.

Dye displacement selectivity study
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Figure 6. UV-spectrophotometer analysis of the filtrates collected after exposing the dye
displacement assay to (+) amphetamine, ibuprofen, naproxen, 2-methoxphenidine,
quetiapine, bupropion, pheniramine, bromopheniramine (0.1 mg mL-1) and a blank in
both (a) PBS (1x) and (b) urine. Absorbances were recorded at Amax = 590 nm, reporting
the absorbance of crystal violet displaced into the solution.

The selectivity of the assay was analyzed in both PBS and spiked urine,
analysing (+) amphetamine and a host of compounds that stimulate false
positives in current tests (+) amphetamine, ibuprofen, naproxen, 2-
methoxphenidine, quetiapine, bupropion, pheniramine, bromopheniramine).
The filtrate from the analysis was visually analyzed and the absorbance
readings were used to graph the data (Figure 6).
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Of the compounds tested, amphetamine showed the greatest dye displacement
when incubated with the assay, performing well in both PBS and in urine. The
standard deviation of the dye displaced in PBS was lower than that observed
in urine, with the mean value of the dye displaced being practically identical.
The other compunds tested in PBS showed little to no dye displacement in
comparison to the amphetamine and the blank, with quetiapine demonstrating
the greatest dye displacement of the compounds. The same was observed for
the compounds in urine, though naproxen and 2-methoxphenidine showed a
slightly increased crystal violet concentration in their filtrates. Comparing the
PBS based measurements directly to the urine based measurements, as a whole
the standard deviation was higher in the urine based measurements with a
small increase in the dye displaced by the competitive compounds.
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Discussion

Evaluation of amphetamine MIP data

Compared to the other compositions tested, MIP-32 demonstrated the highest
binding capacity (93.13 umol g-1) in comparison to the corresponding NIP
(72.06 umol g-1). This fact meant the MIP had the highest calculated IF value
of the MIPs analyzed, with an IF value of 4.4. As the IF is a direct numerical
representation of the imprinting effect, it indicates that MIP-32 provided the
greatest amount of specific binding sites towards (+) amphetamine in
comparison to its corresponding reference NIP. This is not a surprising result
as the other MIP utilized acrylamide and styrene as functional monomers
providing little to no binding interactions with the amphetamine. The styrene
had potential to form m-stacking interactions making it a plausible choice of
monomer, though these interactions are much weaker than the ionic
interactions seen between the methacrylic acid and the amine functionality
present in the (+) amphetamine molecules. Racemic amphetamine was chosen
as a template as this draws parallels to the racemic amphetamine that is present
in compounds such as Adderall. Therefore, the MIP is imprinted towards the
detection of both enantiomers, though the selectivity towards each
individually was not tested. In a real world scenario it is likely that both
versions of the compound would be present, and is therefore of higher use to
present a binding isotherm depicting the binding of the racemic mixture rather
than the individual enantiomers.

Of the compounds determining the selectivity of the MIP, quetiapine was the
only compound that demonstrating higher binding towards the MIP than the
NIP. This was reflected in the IF values calculated for each of the compounds,
with quetiapine having an IF value of 1.13. The other compounds gave IF
values below 1, indicating the non-specific interactions towards the NIP were
stronger than the specific interactions towards the MIP. This is a peculiar result
as if you compare the structures of the compounds tested against that of
amphetamine (Supplementary Information Figure S2) then quetiapine is one
of the least similar structures. The explanation of this binding may lie in the
amount of heteroatoms present in the molecule, offer multiple methods of
binding to the nanocavities within the MIP. The “tail” of the molecule may
have also aided binding, providing easy modes of rotation within the structure
and a plausible method of binding to a nanocavity it may have not ordinarily
been able to access. The other compounds lacked these characteristics, being
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much larger than amphetamine and having limited binding modes to the
cavities expressed in the MIP.

Another explanation for the higher affinity of the compounds towards the NIP
than MIP lies in the functionalized space available for the compound to bind
to the surface of the polymer. The MIP contains nanocavities that are tailored
towards the template molecule, covering the surface with complimentary
amphetamine shaped cavities. These cavities may in fact oppose the binding
of other molecules, inhibiting or weakening the binding forces that would
normally be available. It therefore stands to reason that the NIP offers greater
available space for potential binding as it is not littered with complimentary
binding sites engineered towards amphetamine, and can therefore provide a
larger amount of non-specific interactions. Baggiani et al. have demonstrated
this in their work, where they demonstrate that a NIP has to provide a large
amount of binding towards molecules for the MIP to also exhibit the same trait
[40]. Furthermore, porosity of the MIP has shown to increase the binding of a
target molecule, with an increased surface area and therefore amount of
binding sites [41]. Thus relating back to the amount of binding sites, and
potential areas where other molecules other than the template molecule cannot
bind.

Evaluation of dye binding

Though the dyes tested primarily fell within a tricyclic structure (bar mordant
orange), they all interacted differently towards the MIP (Supplementary
information Figure S2). Crystal violet proved to be the dye that provided the
most specific interaction towards the MIP, followed close by basic blue. This is
unexpected as crystal violet contained multiple tertiary amines, whereas
pararosaniline containing multiple primary amines and is there closer to the
functionalities present in amphetamine. Basic blue also contained multiple
tertiary amine functionalities, though has longer N-chain lengths than the
methyl groups present in crystal violet. The longer chain lengths would be a
plausible reason for the diminished binding capabilities though pararosaniline
would be expected to provide the highest binding, based on structure alone.
The relative size of the molecules also has on effect on the perceived binding,
though basic blue has the much larger structure, followed by crystal violet and
final pararosaniline that are similar in size to that of amphetamine. Mordant
orange and phenol red provide no specific interaction to the MIP, though this
can be attributed to their lack of amine functionality. This speculation is
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strengthened by the research conducted by Dorko et al. characterizing the
interactions between different amines architectures and a MIP [42].
Concluding that many factors (including structure and size) affect the binding
of a similar molecule to the MIP, but most importantly different factors affect
the binding of a compound in different ways. Crystal violet therefore is the dye
that was brought forward for the dye displacement assay, demonstrating the
highest BF and a reasonable binding capacity towards the MIP.

Effects on incubation time and mass of SDC MIP

The amount of the dye displaced by amphetamine was not seen to increase
past the period of one minute; this could be due to the difference in binding
factor between the dye molecule and the amphetamine. It was shown in
previous literature (Lowdon et al. [39]) that the difference in the binding
affinities of the molecules was one of the driving forces behind the
displacement reaction. Previously, it has been report that the interaction was
not as fast as it has been observed here, however the difference in the binding
factors in this scenario are much greater than previously reported. The
rapidness of the displacement can therefore be attributed to this large
difference in binding affinities towards the MIP. This difference in binding
affinities might be derived from the differences in size between crystal violet
and amphetamine, with crystal violets affinity being dependent on the highly
accessible amine functionalities on the edges of the molecule. As there is no
perceivable advantage for longer incubation periods, therefore the lower
incubation period was brought forward strengthening the argument for the
displacement assay being a fast method of analysis and making the assay
commercially interesting. The analysis of the blank demonstrated absorbance
values of/or around zero, indicating that there was no visible or quantifiable
leaching of the dye in solution over the time range analyzed. Again, this is good
as it means that the sensor is robust over a longer analysis period.

Optimization of the amount of dye loaded MIP required to carry out analysis
revealed that 30 mg was the preferable amount, with the amount dye displaced
above the amount only fractionally increased. Below this amount, the dye
displaced was greatly reduced and consequently impeded the detection of low
concentrations of amphetamine. As the concentration of amphetamine was
relatively high (0.5 mg mL-1) is made most sense to select a higher mass of the
MIP powder, maximizing the possibility of low concentration displacing larger
quantities of dye. A saturation effect is observed about the 30 mg indicating
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that there is a point where the amount of the MIP becomes less of a limiting
factor than the concentration of the amphetamine presented for incubation.

Considering these factors the overall preparation time of analysis was just a
few minutes, including the weighing of the SDC powder, incubation of the
sample and filtration of the mixture. This time would be decreased in a real
world setting with the amount of SDC-MIP powder already weighed, and a
solution could be engineered towards the rapid filtration of the mixture. When
compared to other methods of analysis this is still very fast, with other rapid
methods taking around 5 minutes (longer for more sensitive methods such as
HPLC / mass spectroscopy) [43, 44]. This is a distinct commercial benefit as it
shows that the MIP based assay can compete in a field where the rapidness of
analysis is essential.

Dye displacement dose response evaluation

The introduction of increasing concentrations of (+) amphetamine
hydrochloride (0.01 — 1 mg mL-1) to both dye loaded MIP and NIP yielded dye
displacement. The displaced dye for the NIP can be related to the non-
specifically bound dye that is displaced by the amphetamine non-specifically
interacting with the polymer. Whereas the displacement of dye from the MIP
was much greater than the displacement from the NIP, implying that the dye
occupied complimentary nanocavities within the structure. Thus strengthens
the argument for the imprinting effect playing a role in the displacement of the
dye as it shares some affinity towards the amphetamine specific binding sites.
As previously discussed, this may be due to the easily accessible nature of the
amine functionalities in the structure of the crystal violet dye being able to bind
to the methacrylic acid functionalities inside the nanocavities.

The linear range of the dye displaced from the MIP lies between 0.01 — 0.20 mg
mL-1, with concentrations higher than this showing a diminished capability of
dye displacement. Though the linear range is not vast, it supports the analysis
of samples at lower concentrations that are more applicable towards
physiological concentrations. This said, the lowest observable dye
displacement occurs at an amphetamine concentration of 57 uM, . The LoD
was calculated using the 30 rule, being 3 times the maximum standard
deviation within the measured samples (0.009 mg mL-1). This rule does not
take into consideration the dye displaced by the NIP however, which means
the LoD falls within the realms of non-specific dye displacement. Typical urine
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concentrations are in the same order of magnitude within the first day upon
intake but rapidly fall off in the next day to concentrations that are 100-1000
times lower than the operating regime of the sensor [45]. This indicates that the
system still needs to be optimized for regulatory drug abuse testing but still
has a lot of commercial potential in the routine screening of unknown solid
powder samples. The assay could easily be used in a semi-quantitative capacity
for this application, with the intensity of the colour change being a clear
reflection of the amount of target present without the need for a UV-
spectrophotometer to confirm.

Selectivity of the displacement assay

Scrutiny drawn towards the selectivity of the assay highlighted the capability
of the sensing method to selectivity bind amphetamine in both PBS and urine.
The selectively was confirmed both visually (purple filtrate) and by means of
a UV-spectrophotometer allowing a metric to be related to each of the
compounds tested. As observed in the selectivity tests of the raw MIP, the
displacement assay demonstrated a low level of dye displacement towards the
presence of quetiapine. This can be attributed towards the structural feature
previously discussed, enabling the quetiapine to provide a low level of dye
displacement. This was seen to be accentuated in PBS, though the displacement
was barely greater than that of the blank with it only being noticeable in the
metric and not under visual observation. Of the other compounds tested, none
demonstrated a displacement much greater (0.005 a.u) than that of the blank,
and all paled in comparison to the dye displacement facilitated by the
amphetamine. The minor displacement of the dye could prove problematic in
the analysis of lower concentrations of amphetamine, though for a rapid on the
stop measurement the benefits outweigh the cons. This does not reflect badly
on the calculated limit of detection as the value quoted (0.009 mg mL-1) falls
above the displaced amount of dye. This is a promising result considering that
these compounds are common false positives in current tests, and the assay
seems to have overcome this issue. The more rigid nature of the polymeric
receptors may be the causality of the higher degree of selectivity, hindering the
binding of larger molecules. This has huge commercial potential for the assay
and it demonstrates the selective nature of the MIPs and how this can be
utilized in the displacement assay to produce a result that would normally be
impossible in other test formats.
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Conclusions

Opverall, the research highlights how a MIP can be converted into a dye
displacement assay that offers huge potential for the rapid analysis of
compounds. The assay was shown to work in a model environment (PBS) and
in a biofluid (urine) demonstrating the assay’s versatility. The selectivity of the
assay is superior in comparison to other commercial detection platforms, but
is not sensitive enough yet for routine drug testing. This issue can be overcome
by employing a more sophisticated method of producing the MIPs in the
future. At this point in the research, we wanted to illustrate the commercial
potential of the assay and relied upon bulk polymerization as it proved cheap,
fast and scalable. A more advanced polymerization protocol, creating MIPs
with high binding affinities, in combination with tailor-made dyes with high
extinction coefficients could enhance the sensitivity of the assay by multiple
orders of magnitude. On the other hand, the current research exemplifies the
use of this assay in a laboratory environment for the detection of amphetamine
in e.g. unknown powder samples, seized by authorities. This powder would
only have to contain a trace amount of amphetamine for the assay to give a
positive signal. This finding, in combination with its fast processing time, ease-
of-use, superior selectivity and low cost-price, indicates that the assay in its
current form already has an enormous commercial potential. In addition, with
optimization of the sensitivity and widening the application area to the
verification of other targets with limited selectivity, the commercial impact
could become even bigger in coming years.
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Supplementary Information

Supplementary Table S1: Chemical compositions of the MIPs tested with their associated
imprinting factor (IF) towards amphetamine at C¢= 0.025 mM.

Amphetamine IF
MAA AA Styrene EGDMA DMSO AIBN
MIP (mM) Hydrochloride  (Ct=
" mM)  @M) @M @M  (mM) 0.025
(mM) mM)
31 3.1 - - 9,2 3 0.3 0.29 0.99
32 - 3.1 - 9.2 3 0.3 0.29 4.4
33 - - 3,1 9.2 3 0.3 0.29 0.74
B AMP MIP
160 1 O AMP NIP
i A 2-MXP MIP
A 2-MXP NIP
140 1 ® Ibuprofen MIP
1 O Ibuprofen NIP
_ Naproxen MIP
120 Naproxen NIP
b 1 % Quetiapine MIP
2 100 ¥ Quetiapine NIP
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Supplementary Figure S1. The fitted selectivity binding isotherm for MIP-32,
demonstrating the binding of amphetamine (black squares), 2-MXP (blue triangles),
ibuprofen (red circles), naproxen (green diamonds), and quetiapine (pink stars).
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Supplementary Figure S2. The chemical structures of (a) quetiapine, (b) bupropion,(c)
ibuprofen, (d) naproxen, (e) amphetamine, (f) pheniramine, (g) bromopheniramine, (h) 2-
methoxphenidine, (i) Crystal violet, (j) pararosaniline, (k) basic blue, (I) mordant orange,

and (m) phenol red.
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Chapter 6




Creating a dye displacement assay for the detection of
antibiotics preface:

The rapid detection of illicit substances is not the only field that can benefit
from the development of low-cost, rapid colorimetric assays. The field of
analysing unknown samples is vast, and a large proportion of this sector
focuses on the analysis of environmental samples. These samples tend to be
screened for pollutants that have potential to harm the environment, or
nutrient levels to sustain the environment and allow nature to flourish. It
would therefore be beneficial to have an assay that can rapidly relay vital
concentrations of a chosen compound/contaminant in real time to a user who
is performing analysis of environmental samples. The overall purpose being a
more rapid result and the removal of unnecessary lab analysis that is also
costly.

One environmental pollutant that has increased over the late 20t century and
early 21% century is the presence of antibiotics. These compounds, though
helpful for fighting bacterial infections in human and animals alike, have
caused detrimental damage to the environment and have led to the raise of
“superbugs” (bacteria that are resistant to antibiotics). This causality makes
them a strong candidate for the development of an assay specifically targeting
their detection. Rapid sample analysis could prevent contaminated samples
containing antibiotics reaching the environment, reducing the harm these
compounds are causing and increasing the longevity of antibacterial

compounds current in circulation.

This research presented in the next section focuses on the development of such
an assay, applying the methods previously discussed in the prior chapters.
Unlike in the previously described work, a different polymerization approach
was adopted (emulsion) yielding more homogenous particles in both size and
shape. This in combination with intuitive monomer and dye selection is proven
to produce a colorimetric assay capable of detecting aminopenicillins.
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Abstract:

The scope of the presented research orientates itself towards the development
of a Molecularly Imprinted Polymer (MIP) based dye displacement assay for
the colorimetric detection of the antibiotic amoxicillin in aqueous medium.
With this in mind, the initial development of a MIP capable of such a task sets
focus on bulk polymerization to assess monomer/crosslinker combinations
that have potential towards the binding of amoxicillin. The best performing
composition (based on specificity and binding capacity) is utilized in the
synthesis of MIP particles by emulsion polymerization, yielding particles that
prove to be more homogenous in size and morphology compared to that of the
bulk synthesized MIP, which is essential when it comes to the accuracy of the
resulting assay. The specificity and selectivity of the emulsion MIP proceeds to
be highlighted, demonstrating a higher affinity towards amoxicillin compared
to other compounds of the aminopenicillin class (ampicillin and cloxacillin).
Conversion of the polymeric receptor is then undertaken, identifying a suitable
dye for the displacement assay by means of binding experiments with
malachite green, crystal violet and mordant orange. Once identified, the
optimal dye is then loaded onto the synthetic receptor, and the displaceability
of the dye deduced by means of a dose response experiment. Yielding a dye
displacement assay that can be used (semi-)quantitatively.

Keywords: amoxicillin, emulsion polymerization, molecularly imprinted

polymers, colorimetry
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Introduction

Since the discovery of modern-day antibiotics in the early 20th century, these
miracle molecules have gone from wonder drug to one of the world’s largest
environmental contaminants [1]. Over the last couple of decades, the
consumption and use of antibiotics has increased, not just by humans but also
by cattle [2]. One of the biggest consumers of antibiotics is China, with a
reported use of 162,000 t of antibiotics in 2013, with more than half
administered to animals [3]. It is common practice to supplement animal feed
with antibiotics, ensuring the health and welfare of the creature by reducing
the risk of illness or facilitating the rapid recovery from bacterial ailments [4].
Though this is beneficial for the animal in question, it generates an
environmental concern. Incomplete metabolism of the antibiotics leads to 30-
90% of the active compounds being excreted by the animal, and in the process
introducing the antibacterial agents to their surrounding environment [5, 6].
Thus, the concentrations of antibiotics in the environment is increasing, and
the bacteria that are exposed consistently to these compounds become resistant
to their destructive effects. This is just one concern related to the over-use of
antibiotics in animals, another is the transfer of antibiotics in animal related
byproducts e.g. milk [7]. This makes the detection of antibiotics in both animal
waste and in by-products essential, as both the environment and animals
(humans) are at risk due to the potential of stimulating and further progressing
antibiotic-resistance.

Molecularly imprinted polymers (MIPs) are a developing technology that has
shown promise in the field of sensing of low molecular weight compounds,
and have demonstrated great potential in the analysis of samples contaminated
with antibiotics [8, 9]. MIPs are synthetic polymeric receptors containing
nanocavities that have been specifically tailored towards the binding of a
chosen molecule, making them the artificial equivalent to antibodies [10-12].
The benefit over their biological counterparts lies in the stability of the
receptors, demonstrating high resistance to harsh physical conditions such as
pH and temperature while retaining sensitivity [13,]. This makes them ideal
for the analysis of matrices that are outside the normal physiological
conditions (wastewater, soil samples) that would normally render the
biological receptors useless. To this end, MIPs have been developed in the
analysis of antibiotics in the environment, coupling the synthetic receptors to
various transducer (e.g. Quartz Crystal Microbalance (QCM), thermal
methods, and fluorescent probes) translating binding events at the surface of
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the MIP into a tangible quantifiable signal [14-19]. Though these technologies
for the analysis and sensing of antibiotics in complex samples are rapidly
progressing, these readout techniques still require a level of expertise to
conduct (though great efforts have been made to increase the portability of
devices and to make them as user-friendly as possible). A more simplistic MIP-
based variation is possible, developing the MIP into a dye displacement assay
for the rapid visual verification of a target’s presence [20].

The use of MIPs in conjunction with dyes was first conceived in 1998 by
McNiven et al. They used a dye-conjugated analogue of chloramphenicol in a
competitive capacity to detect the presence of the parent compound [21].
Introduction of the parent compound to the system would displace the dye-
conjugate in a quantitative manner, yielding higher displacement of the
conjugate in direct correlation to the amount of chloramphenicol present. This
concept would take many other forms over the next two decades, modifying
template molecules to include chromophores and fluorophores, introducing
optical properties into the structures of the MIPs, and demonstrating that the
structure of a pre-bound signaling molecule could share no relation to the
desired target analyte to be displaced [22-25]. The premise was recently
extended further by using commercially available dyes such as malachite green
and crystal violet, developing MIP-based dye displacement assay for the
detection of diarylethylamines and amphetamine [26, 27]. The research
highlighted how low-cost visual sensors can be engineered from MIP
technology, though for relatively simple molecules with few competing
functionalities. Aminopenicillins however are not simple molecules.

Showing a diverse molecular structure, aminopenicillins encompass a broad
range of structural derivatives of ampicillin (which itself is an amino
benzylpenicillin) (Figure. 1) [28, 29]. The multiple functionalities within the
molecules gives rise to the possibility of different binding opportunities,
meaning the selection of functional monomers/crosslinkers is not as definitive
as for simpler mono-functional molecules [30]. Therefore, a degree of rational
design is required, analyzing the potential binding groups and selecting
compositions that not only interact with one functional but with multiple [31].
The same principles can be applied to the selection of a dye for conversion of a
MIP into a dye displacement assay. Enabling a comparison of the key
functionalities between dye molecule and template molecule, thus optimizing
the binding and displacement of the dye. However, optimized ratios and
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chemical interactions are only one part of the story, as further optimization
maybe found the polymerization method employed to synthesize said MIPs.
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Figure 1. The chemical structures of amoxicillin, ampicillin and cloxacillin

The most common method of producing MIPs is monolithic bulk imprinting,
where all components of a MIP are placed into a single container and
polymerized [32]. The resulting monolith can be crushed and the template
extracted, yielding a powder with a crude morphology [33]. This protocol is
robust and can enable the rapid testing of polymer formulations when
attempting to design a MIP [34]. Although the bulk imprinting approach is a
tried-and-tested approach of successfully producing MIPs, the methodology
has been surpassed by more elegant approaches that enable more homogenous
morphologies and particles sizes [35-40]. One such methodology is emulsion
polymerization, where two phases (aqueous and organic) are introduced in the
presence of a surfactant that enables the formation of uniformly sized micelles
[41]. These act as micro-reactors containing the polymerization mixture, which
in turn enables the formation of more homogenous morphologies. Though
more elegant, this kind of methodology lacks in simplicity when compared to
its more crude predecessor.

With all this in mind, this research builds upon prior literature, taking
optimized monomer/crosslinker ratios and expanding these ratios towards
novel compositions for the binding of amoxicillin. Monolithic bulk imprinting
is used to rapidly test these compositions, before synthesized MIPs with higher
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homogeneity by an emulsion based approach. The resulting MIP is compared
to its monolithic bulk imprinted counterpart, comparing imprint factors at
different free concentrations of target analyte. Scrutiny is drawn towards the
selectivity of the emulsion made MIP, before determining the binding of a
variety of dyes (malachite green, crystal violet, and mordant orange 1) that
could potentially be used in the dye displacement assay format. The dye
selection being based on the chemical functionalities they have in common
with amoxicillin, but also how they interact with the functionalities present in
the MIP. Finally, the best performing dye is loaded onto the emulsion MIP by
means of incubation and the assay format analyzed. To this end dose response
and selectivity tests are conducted, determining the sensitivity of the assay
towards amoxicillin and seeing how the assay fairs in the presence of other
antibiotics of the same class (cloxacillin and ampicillin). Overall, the research
highlights how pragmatic compositional choices, alongside intelligent dye
selection can be used to produce a MIP that can be easily developed into a
semi-quantitative rapid colorimetric assay format.

Materials and Methods

Chemicals and equipment

Acrylamide (AA, 99.5%, CAS: 79-06-1), Methacrylic acid (MAA, 99.5%, CAS:
79-41-4), ethylene glycol dimethacrylate (EGDMA, 99.5%, CAS: 97-90-5),
trimethylolpropane trimethacrylate (TRIM, CAS: 3290-92-4), dimethyl
sulfoxide (DMSO, reagent grade, CAS: 67-68-5), Malachite green oxylate salt
(99.8%, CAS: 2437-29-8), crystal violet (99.8%, CAS: 548-62-9), mordant orange
1 (70%, CAS: 2243-76-7), aluminum oxide (basic, CAS: 1344-28-1), amoxicillin
(99.8%, CAS: 26787-78-0), cloxacillin (99.8%, CAS: 61-72-3), and ampicillin
sodium salt (99.5%, CAS: 69-52-3) were purchased from Sigma-Merck. Prior to
polymerization, all stabilizers were removed from monomers and crosslinkers
by passing the compounds over aluminum oxide (basic), thus removing any
chemical source that could inhibit the polymerization process. Equipment
utilized in the experimentation include a Shimadzu-3600 UV-
Spectrophotometer (3.5 mL quartz cuvette, path length of 1 cm), BlueWave 200
UV light source, Leica Microsystem DM300, and a Shimadzu MIRacle10 FT-IR
spectrometer equipped with a Zn/Se ATR crystal over an optical range of 4,000
cm! to 450 cm! .
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Generalised monolithic bulk imprinting method

The component ratios used for the MIPs synthesized were based on previous
literature regarding the monolithic polymerization of molecularly imprinted
polymers [42]. In general, functional monomer (1.4 mmol), template (0.35
mmol), crosslinker (2.8 mmol) and DMSO (3.3 mL) were placed in a glass vial
and dissolved Oz purged from the mixture by bubbling N2 through the solution
for 30 seconds. AIBN (36.1 mg, 0.22 mmol) was then added to the resulting
mixture, ensuring that the solution was thoroughly mixed before subjecting
the solution to a UV lamp (BlueWave 200, wavelength: 300-450 nm), thus
initiating polymerization under photochemical conditions. The polymeric
mixture was exposed to the UV lamp for 30 minutes, before yielding a solid
polymer block. The resulting monolith proceeded to be mechanically ground
with a ball mill (3 cycles, 300 rpm for 180 seconds, 60 second pause between
each cycle), producing a fine powder with an average particle size less than 150
um (confirmed by microscopy). After mechanical grinding, the powder was
subject to continuous soxhlet extraction with ethanol/acetic acid (100:1) for 24
hours, before further extraction with ethanol for 12 hours and drying the
powder. The same process was completed excluding the template molecule
generating a non-imprinted polymer (NIP) that would act as a reference
material. The composition of the MIPs/NIPs synthesized can be found in Table
1.

Table 1. MIP/NIP compositions

MIP/NIP Methodology Monomer Crosslinker Initiator Solvent Template
MIP 201 Bulk AA TRIM AIBN DMSO Amoxicillin
NIP 201 Bulk AA TRIM AIBN DMSO

MIP 202 Bulk MAA TRIM AIBN DMSO Amoxicillin
NIP 202 Bulk MAA TRIM AIBN DMSO

MIP 203 Bulk MAA EGDMA AIBN DMSO Amoxicillin
NIP 203 Bulk MAA EGDMA AIBN DMSO

MIP 204 Bulk AA EGDMA AIBN DMSO Amoxicillin
NIP 204 Bulk AA EGDMA AIBN DMSO

MIP 205 Emulsion MAA EGDMA AIBN DMSO/H20 Amoxicillin
NIP 205 Emulsion MAA EGDMA AIBN DMSO/H20
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Generalized MIP synthesis by emulsion polymerization

An aqueous phase was prepared by mixing 300 mg of sodium dodecyl
sulphate (SDS) in 60 mL of DI (deionized) water and placing it into a 100 mL
round bottom flask. An overhead stirrer was then placed into the flask, with
the stirrer blade positioned so that it was below the surface of the solution.
Proceeding this, the organic phase of the reaction was prepared by mixing
monomer (MAA/AA), EGDMA, AIBN, amoxicillin and DMSO (compositions
in Table 1) in a vial before purging both solutions with N2 for 30 seconds. Once
purged, the organic phase was introduced dropwise to the aqueous phase
while being vigorously stirred between 600 — 1400 rpm for 1 minute and
enabling an emulsion to form (see Figure 2). Stirring was ceased, and the
emulsion exposed to UV light (BlueWave 200) for 1 hour. After the exposure,
the solution was transferred to centrifuge tubes and spun at 4500 rpm for 5
minutes. The resulting polymeric disk was left in the centrifuge tube while
carefully removing the supernatant and introducing ethanol to the tube. The
tube was shaken well suspending the polymeric powder and the centrifugation
process repeated for five washes with ethanol. Once fully washed the
polymeric powder was transferred into a glass vial and oven-dried at 65 C for
12 hours. Thus yielding a fine polymeric powder with a defined particle size
based on the rpm initially used to mix the reaction. A non-imprinted reference
version of the polymeric composition was synthesized with the exact same
methodology described but without the presence of the template molecule.
Template extraction was monitored with FTIR comparing the non-extracted
MIP, the extracted MIP, and the amoxicillin spectra. Particle sizes were
analyzed by optical microscopy (Leica Microsystem DM300) while the 1 mg
ml! of polymer particles were suspended in water.
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Figure 2. Apparatus schematic for the emulsion polymerization approach of synthesizing

MIPs/NIPs with more uniform particle sizes.
Generalized batch rebinding experiment

To determine the binding affinities of the MIP/NIP, rebinding experiments
were conducted as follows: to 20 mg of MIP/NIP powder was added 5 mL
aliquots of aqueous target/analogue ranging in concentration (0.1 — 0.7 mM)
and the resulting suspension agitated on a rocking table (125 rpm) for 90
minutes. After agitation, the filtrate of each sample was collected and analyzed
using a UV-spectrophotometer, analyzing the Amax of the remaining
molecular species in solution (Cr). The amount of molecular species bound to
the MIP/NIP (Sb) proceeded to be calculated from these observed values and
the corresponding binding isotherm plotted. This process was repeated for
each of the following species: Amoxicillin, ampicillin, cloxacillin, malachite
green, crystal violet, and mordant orange 1.

Note: During the experimentation with malachite green, crystal violet and
mordant orange all samples were diluted (dilution factor 100), ensuring
absorbance values within the reliable range on the UV-spectrophotometer.

Preloading of dye to MIPs

1g of MIP 205 powder was added to 50 mL of aqueous mordant orange (1 mM).
The resulting suspension was well stirred for half an hour before transferring
the suspension into a centrifuge tube. The solution was then centrifuged at
4500 rpm for 5 minutes, enabling the safe removal of the supernatant while
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allowing the MIP pellet to remain at the bottom of the tube. Proceeding this, 45
mL of DI water was added to the tube, the vessel sealed, and the tube shaken
thoroughly facilitating the dispersal of the MIP powder once more. The
centrifugation process was then repeated and the water changed until the
resulting supernatant appeared colourless and showed no signs of a residual
dye absorbance band by means of UV-spectrophotometry.

Dose response of dye displacement

A dose-response study was constructed by incubating the synthesized dye
loaded MIP 205 (40 mg) with 5 mL of aqueous amoxicillin at varying
concentrations (0.000 — 365.0 mg L) for 1 minute before the filtration of the
sample. The filtrate proceeded to be analyzed by a UV-spectrophotometer
collecting the spectrum for each sample (200 — 500 nm). The maximum
absorbance of each concentration (Amax =385 nm) was then plotted against the
concentration of amoxicillin added, allowing the dose response to graphed.
The same process was repeated for the assay in the presence of cloxacillin and
ampicillin, testing the selectivity of the assay.
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Results

Analysis of bulk MIPs

Four initial MIP compositions were selected for the binding of amoxicillin after
identifying the amine and carboxylic acid functionalities as ideal groups for
possible ionic and hydrogen bonding interactions. The four compositions
consisted of either methacrylic acid (being complimentary to the amine
functionality present in amoxicillin), Acrylamide (complimentary to the
carboxylic acid functionality present in amoxicillin), and either EGDMA or
TRIM as crosslinker (EGDMA producing a more flexible structure, and TRIM
a more rigid network). The binding properties of the MIPs were tested by
means of batch rebinding experimentation, where the MIPs were exposed to
increasing concentrations (0.1 — 0.7 mM) of amoxicillin for a defined time (90
mins). After the incubation period the MIPs were removed from the solutions
and the remaining concentration of amoxicillin in solution determined (C),
thus the amount of bound amoxicillin to the MIP could be realized (Sv). These
values were then plotted against each other, yielding the binding isotherm for
each MIP composition (Figure 3).

The plotted data points were then fit using an allometric function (y = axb)
factoring in the morphology of the polymeric structure and therefore surface
area, simulating a saturation effect as higher concentrations of molecular
species are introduced to the MIP/NIP. MIP 201 — 203 clearly demonstrate this
saturation effect towards the higher concentrations, whereas MIP 204 shows
no correlation. Of the MIPs tested MIP 202 has the highest perceived binding
capacity (Sv) of 12.10 umol g7, indicating it has the highest affinity of all the
MIPs tested towards amoxicillin. MIP 201 and MIP 203 have slightly lower
binding capacities of 10.72 umol g and 9.47 umol g respectively, whereas
MIP 04 has an incalculable binding capacity and no feasible trend exists within
the data points collected.
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Figure 3. Binding isotherms for the varying MIP compositions (a) AA/TRIM, (b)
MAA/TRIM, (c) MAA/EGDMA, and (d) AA/EGDMA synthesized by monolithic free
radical polymerization.

A metric was placed on how specific the binding interactions are between the
MIP and target molecule by comparing the Sv of the MIP and NIP at a defined
free concentration (in this case Ct = 0.1, 0.2, and 0.3 mM), yielding a value
known as the imprint factor (IF) describing the specific interactions of the MIP
with the target (Table 2). The MIP with the highest amount of specific
interaction was MIP 203, demonstrating IF values of 2.55 (Cs=0.1 mM), 2.48 (Cs
=0.2mM), and 2.33 (C¢= 0.3 mM). The IF values calculated for MIP 201 and 202
across this range are diminished in comparison, with MIP 201 having the
lowest specific interaction out of the two. The performance of MIP 202 is
observed to increase over the calculated concentration range, though the
generated IF values are still lower than those calculated for MIP 203.
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Table 2. Binding capacities (Sb) for MIP 201, 202, 203, and 204 at C¢=0.1, 0.2 and 0.3 mM,

and their corresponding imprint factors (IF).

MIP/NIP Sb/ umol | IF (at Ce Se/ IF (at Ct Se/ IF (at Ct
g1 (at Cf =0.1 umol g =02 umol g =03
=0.1 mM) (at Ce= mM) (at Ce= mM)
mM) 0.2 mM) 0.3 mM)
MIP MIP
201 MIP 5.07 1.80 729 1.35 8.80 1.37
NIP 2.82 NIP NIP 6.41
5.38
MIP MIP
202 MIP4.33 1.63 9.7 1.95 11.36 2.02
NIP 2.65 NIP NIP 5.62
5.00
MIP MIP
203 MIP 6.36 2.55 8.1 2.48 8.93 2.33
NIP 2.49 NIP NIP 3.83
3.27
204 N/A N/A N/A N/A N/A N/A

Following the binding analysis of the MIPs, the morphology of the particles
was brought into question. Optical microscope images of the particles were
taken allowing an assessment of the homogeneity of particles sizes and shapes
to be conducted (Figure 4). The images reveal the morphology of the particles
is inconsistent and shows a large degree of heterogeneity; therefore, each
particle has differing surface area and different potential to interact with
molecular species.

191



Figure 4. Optical microscope images of finely ground bulk monolith particles below 150
um in size.

Emulsion Particle Size Analysis

In an attempt to generate more homogenous MIP particle sizes, an emulsion
polymerization approach was adopted. To this end, the most promising
monomer and crosslinker combination from the bulk experiments was brought
forward (MIP 203), incorporating the same stoichiometric ratios in the
emulsion polymerization process. The methodology entailed the addition of
an organic phase (monomer, template, crosslinker, porogen and initiator) to an
aqueous phase (water and surfactant), thoroughly mixing the two phases to
produce an emulsion that could yield finer more homogenous particle sizes
(further details in discussion). The degree to which the two phases were mixed
was investigated, relating particle size to the speed of the stirring invoked
(Figure 5a). Plotting the average particle size produced against the speed (rpm)
at which the overhead stirrer was set revealed that the slower (600 rpm)
produced larger particles with a higher standard deviation in size (50 + 19 pum)
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that at the higher speeds. As the stirring surpassed 1000 rpm the particle sizes
achieved began to plateau, reaching an average particle size of 8-10 pm with a
standard deviation range of + 3-4 um. The relationship between the lower
standard deviation in relation to the speed of stirring is strengthened by the
analysis of the particle size distribution (Figure 5b), which indicates the lower
speeds produce a wider spread of particle sizes compared to higher speeds
producing a narrower band of particle sizes.
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@ 40
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Figure 5. How the stirring speed effects the particle size generated during the emulsion
polymerization process with (a) relating the average achieved particle sizes with the rpm
used (error bars being the + 1 standard deviation in the size measurements), and (b) the
distribution of the particle sizes at each speed.

Alongside the particle size distributions, the morphology of the particles at
each stirring speed was also assessed (Figure 6). Though the size of the
particles may differ with the varying speeds, the overall morphology of the
particles remained consistent throughout. Each emulsion produced spherical
morphologies with very little deviation in structure apart from the size
differences observed.
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Figure 6. Optical microscope (Leica Microsystem DM300) images of particles sizes
produced by varying the stirring speed during the emulsion polymerization process.

Emulsion MIP binding analysis

To ensure the washing procedure successfully removed the template
amoxicillin, an FTIR comparison of the extracted MIP was compared to that of
the non-extracted MIP and amoxicillin (Figure 7). The amoxicillin has very
distinctive peaks between 2500 — 3500 cm! (OH stretch) that are not present in
the extracted MIP, but are present in the non-extracted MIP. Other key regions
that relate to the structure of amoxicillin (e.g. sharp peaks between 1680 cm-
(C=0, amide), 1390-1310 cm! (O-H bending, phenol) and below 900 cm™) are
not present in the analysis of the MIP, therefore it can be said with confidence
that amoxicillin is no longer present in the extracted imprinted polymer.
Comparing non-extracted with extracted, the sulfoxide peak (5=O, 1070-1030
cm?) is seen to disappear, suggesting the washing step is also successful in
removing unwanted porogen from the polymer.
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FTIR Analysis
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Figure 7. FTIR analysis of amoxicillin (black line), unextracted MIP (green line), and the
extracted emulsion MIP (red line), demonstrating that amoxicillin was successfully
removed from the imprinted material.

After ensuring the template molecule was fully extracted from the MIP, the
same rebinding procedure was followed as with the bulk generated MIP
particles. The MIP 205 particles were incubated with increasing concentrations
of amoxicillin, analyzing the remaining amount of amoxicillin left in solution
after the binding process. Thus, the amount of template bound to the MIP (Sb)
was plotted against the remaining free concentration (Cr) of amoxicillin in
solution (Figure 8a). The data was fit using OriginPro8 (OriginLabs
Corporation, Northampton, MA, United States) using an allometric (y=ax?) fit,
modelling the binding isotherm of both the MIP (red line, R? = 0.84058) and
NIP (black line, R2= 0.9173).
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Figure 8. Binding isotherms for (a) MIP 205 prepared by emulsion polymerization and (b)
a rescaled MIP 203 prepared by bulk polymerization strategies. Where both MIP (red
squares) and NIP (black squares) were plotted and fit.

This data was directly compared to the binding isotherm of the monolithic bulk
polymerized MIP 203, rescaling the binding isotherm’s y-axis (Sv) to enable the
direct comparison of the features of the isotherms (Figure 8b). The emulsion
MIP demonstrated a higher overall binding capacity of 22.53 umol g once
saturation (plateauing) is observed, comparatively, the monolithic MIP only
demonstrated a binding capacity of 9.89 umol g1. At lower Cs values (0.05-0.1
mM) the emulsion prepared MIP 205 particles exhibit a high affinity to the
amoxicillin with little to no interaction with the corresponding NIP, unlike the
monolithic bulk NIP where binding at the lower concentrations is apparent.
MIP 203 consequently performed consistently throughout the concentration
range, showing a steady trend of binding the amoxicillin in a similar manner
at both high and low concentrations in comparison with the NIP.

For a more direct comparison of the specific nature of the MIPs the imprint
factor (IF) was calculated for MIP 205 and compared to that of MIP 203 at
multiple free concentrations (Table 3). The comparison of this metric shows
that MIP 205 interacts vastly more specifically at this low concentration
compared to MIP 203. MIP 205 has a calculated IF (Ct = 0.1 mM) of 45.46
compared to that of MIP 203 that has an IF = 2.55 (C¢= 0.1 mM). However, the
performance of MIP 205 in comparison to the NIP rapidly decreases towards
higher free concentrations, with the IF falling to 1.24 and 1.14 at Ct= 0.2 mM
and Cr = 0.3 mM respectively. The performance of MIP 203 on the other hand
remains relatively constant (if not a little diminished) throughout the
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concentration range, yielding a calculated IF of 2.48 (Cr=0.2 mM) and 2.33 (Cs
=0.3 mM).

Table 3. Binding capacities (Sv) for MIP 203 (amoxicillin, ampicillin, and cloxacillin) and
MIP 205 at Cs=0.1, 0.2, and 0.3 mM, and their corresponding imprint factors (IF).

MIP Compound Se/ IF (at Sv/ IF (at So/ IF (at
umol g | Ce=0.1 | umol Ci= umol Ci=
1(at Cf mM) gl(at 0.2 gl(at 0.3
=0.1 Ce= mM) Ce= mM)
mM) 0.2 0.3
mM) mM)
MIP MIP
MIP 6.36 8.11 8.93
203 Amoxicillin 2.55 2.48 2.33
NIP 2.49 NIP NIP
3.27 3.83
MIP MIP
MIP 22.75 22.86
s 21.45 . ’
205 Amoxicillin 45.64 1.24 1.14
NIP 0.47 NIP NIP
18.34 20.10
MIP MIP
MIP 0.39 2.28 2.28
205 Ampicillin 1.39 10.86 4.75
NIP 0.28 NIP NIP
0.21 0.48
MIP MIP
MIP 8.58 10.97 12.90
205 Cloxacillin 1.1 1.41 1.65
NIP 7.80 NIP NIP
7.79 7.80

The specificity of a MIP is not the only facet of value when determining a MIPs
performance, the selectivity also plays a major role in determining a MIPs
potential. Therefore, the selectivity of the MIP 205 was scrutinized by
performing binding experiments with analogues of amoxicillin. For this, the
aminopenicillins ampicillin and cloxacillin were selected, being similar in
chemical structure and in the same class of compounds to that of amoxicillin.
The binding experiment was conducted in the same manner as previously
outlined, ensuring the concentrations of the aminopenicillin analogues was in
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the same range (0.1- 0.7 mM), the mass of MIP/NIP utilized (20 mg) was
constant and the incubation period remained the same. The corresponding
binding isotherms were then plotted, and allometrically fitted (y = ax®) for
comparison (Figure 9).
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Figure 9. Binding isotherm for the interaction of ampicillin (black squares/circles),
cloxacillin (green squares/circles), and amoxicillin (red squares/circles) with MIP 205
where the interactions of both MIP (circles) and NIP (squares) are displayed.

Of the analogues tested cloxacillin proved to have the higher level of
interaction in terms of binding capacity with the MIP/NIP 205 out of the two
derivative compounds. The interaction with the MIP (green circles) gradually
increased with the Cr, with the allometric fit (green line, R? = 0.81599)
describing the data relatively well and yielding a maximum binding capacity
(Sv) of 16.43 pmol g-1. The interaction of cloxacillin with the NIP (green squares)
was also consistent at purveying a binding average Sb of 7.61 umol g'. In
comparison, the binding for the ampicillin (Figure 9a) was much lower with
the MIP (black line, R? = 0.28487) yielding a maximum Sb of 4.71 pmol g and
the NIP (black dashed line, R? = 0.29573) a maximum of 0.53 umol g. When
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comparing the maximum binding capacities of the compounds against that of
amoxicillin, it is clear that they are lower. However, further analysis of the
selectivity of the MIP can be conducted by calculating IF values for each of the
derivatives for a direct comparison of the specific interactions.

As with the monolithic bulk polymerization MIPs the IF was compared at
multiple Cr values (Ct = 0.1, 0.2, and 0.3 mM), enabling a comparison of the
specific binding across a concentration range (Table 3). At the Ct=0.1 mM.,
amoxicillin demonstrates the highest specific interaction with the MIP with
ampicillin having the higher level of specific interaction out of the two
analogues. This trend however ends abruptly as of Ct = 0.2 mM where the
amoxicillin specific interaction drops off and becomes similar to that of
cloxacillin, while the interaction towards ampicillin increases. As previously
stated this is not a huge issue for the sensor as samples tend to contain sub 0.1
mM concentrations and therefore the interactions at the higher concentrations
are less relevant when contextualized.

Selection of dye

To develop the MIP into a displacement assay capable of producing a visual
confirmation for the presence of amoxicillin in solution, different dye
molecules must be considered for the application in the assay. Considering the
chemical composition of the MIP being used to detect the amoxicillin
(methacrylic acid/ethylene glycol dimethacrylate co-polymer) dye molecules
that can form ionic and hydrogen bonding interactions with the acidic
functionalities present were selected. Malachite green, crystal violet and
mordant orange have either amine functionalities (malachite green/ crystal
violet) or acidic functionalities (mordant orange) capable of forming these
interactions (see Appendix A Al for chemical structures). The binding
interactions of these species with MIP 205 was therefore investigated by means
of binding experiments identical to ones discussed prior (Figure 10). The dyes
performance was assessed on the maximum binding capacity of the dye
compound towards the MIP and the specific interaction (difference between
MIP/NIP) exhibited.
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Figure 10. The binding isotherms outlining the interactions of (a) malachite green, (b)
crystal violet, and (c) mordant orange with MIP/NIP 205. The plotted values for each of
the binding isotherms were extrapolated from the absorbance peaks for each compound
at their Amax values (616, 590, and 385 nm respectively), enabling C: values to be calculated

and subsequently S» values.

Of the dyes tested against the MIP, crystal violet was found to hold the highest
affinity towards the polymer. The MIP demonstrated a maximum Sv of 49.73
umol g towards crystal violet, being higher than that of affinity towards the
amoxicillin template. The same was true for malachite green, with the MIP
showing a maximum binding capacity of 28.33 umol g, which is once again
higher than the observed values for amoxicillin. Mordant orange however was
found to have a maximum binding capacity of 24.18 umol g that is closer to
that of the template molecule. The specific nature of the interactions to the
MIPs was once again calculated by dividing the Sb of the MIP by that of the
NIP at a defined C (in this case Cr=0.1, 0.2 and 0.3 mM for direct comparison
with other values calculated), and the values can be found in Table 4.
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Table 4. Binding capacities (Sv) for malachite green, crystal violet, and mordant orange at
Cr=0.1 mM, and their corresponding imprint factors (IF).

Compound Sb / pmol IF (at Ct S/ IF (at Cs Sv/ IF (at Cs
g (at Cf =0.1 umol g =02 umol g =03
=01 mM) | r@c=] mv) |r@c=] mm
mM) 02 03
mM) mM)
MIP MIP MIP
Malachite 19.09 26.35 28.00
green NIP 125 NIP 139 NIP 147
15.22 18.89 19.03
MIP MIP MIP
Crystal Violet 36.92 - 42.69 - 46.33 -
NIP - NIP - NIP -
MIP MIP MIP
Mordant 7.31 15.75 20.24
Orange NIP 1.94 NIP 1.46 NIP 17
3.77 10.78 11.85

Due to the nature of the plotted data for crystal violet, there was no reasonable
observed line of best fit for the NIP data. The lack of line of best fit therefore
made any possible IF calculation for crystal violet invalid and non-comparable
to the other dye molecules. Malachite green and mordant orange could
however have their IF calculated across the selected range, with mordant
orange out performing malachite green at every concentration. The IF value
was highest for mordant orange at Ct = 0.1 mM demonstrating a 1.94 times
greater interaction towards the MIP than NIP. This trend was observed at C =
0.2 and 0.3 mM, with the IF varying little from the calculated value at the lowest
concentration. Malachite green was calculated to have an increasing IF value
across the free concentrations, demonstrating a more specific interaction at
higher concentrations compared to low.

When considering the overall binding capacity of each dye and the associated
IF values it made most logical sense to select mordant orange to carry forward
to the dye displacement assay. The binding capacity of mordant orange reflects
a more similar value to that amoxicillin, whereas the overall binding capacity
of malachite green is marginally higher so may perform less well in the
developed assay (further explanation in discussion section).
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Dye displacement

The essence of the dye displacement assay relies on the loading of the reporting
dye onto the MIP. This was conducted according to the experimental section
in accordance to prior literature [26, 27], where a concentrated solution of dye
(1 mM) is incubated with the MIP powder (1g) for a defined period (30
minutes). After the incubation period is over the now coloured MIP powder is
filtered and washed with water until the filtrate has no observable colour and
can be confirmed by UV-spectrophotometry. Based on the previous
experimentation mordant orange was selected to be preloaded onto the MIP to
generate the dye displacement assay.

Once the mordant orange dye was loaded onto the MIPs a dose response was
conducted, correlating displaced dye with the concentration of amoxicillin
present (Figure 11a). This was achieved by incubating mordant orange-loaded
MIP 205 with varying concentrations of amoxicillin (0.000 - 365.0 mg L)
ensuring that the volumes added (5 mL), masses (40 mg) used, and incubation
time (1 minute) remained constant throughout the experiment. The analysis
was conducted inside glass vials for easy of use, with disposable syringes and
filters (pore size 0.45 um) used to limit potential contamination from external
sources. The dose response was conducted between 0.000 — 365.0 mg L of
amoxicillin, in an attempt to determine the minimum concentration require to
stimulate the displacement of dye that could be quantified. The spectra clearly
shows as the amount of amoxicillin increases in the solution (A = 270 nm), so
does the amount of dye displaced into the medium (A =385 nm), and the lowest
value plotted (0.365 mg L) still stimulates a quantifiable response.
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Figure 11. (a) The UV absorbance spectra of the filtrate collected from the incubation of
differing concentrations of aqueous amoxicillin with the developed dye loaded MIP,
accompanied by (b) the plotted dose response correlating the absorbance (A = 385 nm) of
dye released and the concentration of amoxicillin present.

The absorbance of the mordant orange (A = 385 nm) proceeded to be plotted
against the concentration of amoxicillin present in the samples (figure 11b),
generating the final dose response graph. The data shows a clear trend,
gradually plateauing as the concentration of amoxicillin increases. The initial
response is quite sensitive, showing a sharp increasing in dye displaced
between 0.365 mg L' and 3.650 mg L. After this the response rapidly
diminished, with little to no difference in response to concentrations greater
than 91.25 mg L. Alongside the collect spectra, photos were taken of the
colorimetric response to each concentration and labelled (figure 11b). A clear
observable increase in colour is apparent with the initial introduction of the
lower concentration, however as the concentrations increase it proved harder
to distinguish the concentrations present. This said, there was a clear orange
colour to all the samples containing amoxicillin.
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Figure 12. Dose response of the displacement assay towards (a) ampicillin and (b)
cloxacillin, with the (c) maximum absorbance of the mordant orange dye (A = 385 nm)
plotted against the concentration of analyte present for comparison.

Alongside the response of the assay to amoxicillin, the selectivity of the assay
was assessed with increasing concentrations of ampicillin and cloxacillin
(Figure 12). Of the two aminopenicillins, ampicillin exhibited a stronger
response when incubated with the assay, though the absorbance recorded
overall was half that of the amoxicillin. Cloxacillin demonstrated a weaker
interaction with the assay; though dye was still displaced, it was at a much
lower concentration than what was observed for the other aminopenicillins
tested. Overall the reaction of the assay to the amoxicillin is much greater,
though the selectivity of the assay clearly extends in a lesser extent towards of

compounds of the same class.
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Discussion
Bulk polymerization MIP analysis

Of the compositions tested, the methacrylic acid/ ethylene glycol
dimethacrylate co-polymer proved to be the most efficient at binding the
imprinted amoxicillin. The methacrylic acid has potential to interact with the
amine, carboxylic acid, and hydroxyl functionalities within the molecule,
offering multiple binding modes between the template and polymer. The
acrylamide based MIP 204 did not share the same affinity as its MAA based
counterpart, with the trend of the MIP data being poor across the concentration
range (hence the data was not fit). The reasoning for this could lie in the fact
the carboxylic acid group is too easy to access on the edge of the molecule and
therefore the imprints formed do not capture the full chemical architecture.
Thus, the difference between MIP and NIP is diminished as the non-specific
acrylamide at the surface of the NIP is just as likely to interact as the shallow
imprints of the MIP making a trend harder to correlate. MIP 202 replaced the
EGDMA with TRIM, yielding a more crosslinked polymeric structure
stemming from the increased number of double bonds (3) that TRIM contains
compared to that of EGDMA (2). The increased crosslinking provides extract
mechanical rigidity to the polymer produced, though this had little impact on
performing the overall performance of the MIP. The binding capacity was
increased (12.10 pmol g), but the binding of amoxicillin at low concentrations
(Cr=0.1 mM) remained poor compared to that of the NIP. In contrast, MIP 203
had a slightly diminished binding capacity (9.47 umol g1) but performed well
at low concentrations when compared to the NIP. This is reflected in the IF
values calculated for the MIPs, where it is clear that MIP 203 has the superior
specificity towards the amoxicillin over the other MIPs. When analyzing the
data at higher Cr it is apparent that MIP 202 has increase in performance when
compared to the NIP, whereas MIP 203 performances begins to slowly
diminish. If the IF values are extrapolated and calculated at Ct= 0.6 mM MIP
202 and 203 have values of 2.08 (NIP: 5.79 umol g, MIP: 12.07 pmol g') and
2.01 (NIP: 4.70 umol g, MIP: 9.44 umol g) respectively. The convergence of
the IF values indicates that the MIPs actually perform comparably at the higher
concentrations and their performance is harder to differentiate. As antibiotics
tend to be present at lower concentrations it is logical to select the MIP that
performs greater at lower concentrations, and therefore MIP 203 is the
composition of choice.
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These results are however surprising when comparing the data to literature, as
research found on the development of MIPs towards amoxicillin suggests that
acrylamide provides the better binding solution [42]. However, the two
acrylamide based MIPs tested in the research outline performed extremely
poor when compared to that of the MAA based MIPs. This difference in
binding maybe derived from the acidity/basicity of the solution used during
the rebinding of the molecule. Amoxicillin is observed to be slightly acidic,
offering potential to protonate the amine functionality and provide strong
ionic interactions with the MAA in the developed polymers [43]. By altering
the solution to be more basic nature the acidic functionalities in the molecule
could be stripped of their protons, facilitating ionic bond formation between
the carboxylic functionalities and acrylamide in a MIP.

The general particle morphology for the bulk imprinted MIPs proved to be
very heterogeneous, though this is to be expected as bulk imprinting involves
the generation of polymeric monolith that is then ground into a fine powder
[44]. The large discrepancy in particle shape and size yields poor performing
MIPs, reducing MIP reproducibility in intra and inter sample analysis as
particles sizes differ so vastly.

Emulsion MIP structure

Emulsion polymerization was utilized in an attempt to increase the
homogeneity in observed particle sizes and morphologies. As emulsion
polymerization combines two phases to form an emulsion between an organic
and aqueous medium, it is an ideal tool to produce more uniform particles [45].
In theory, there is little difference between monolithic bulk polymerization and
emulsion polymerization, bar the use of water and a surfactant to generate
small microspheres in comparison to a monolithic polymer [46]. The
incorporation of a surfactant (SDS) helps stabilize the formed emulsion,
producing micelles containing the lipophilic components (monomer,
crosslinker, initiator) of the reaction and therefore acts as a small reactor that
enables localized polymerization without it propagating throughout the whole
solution [45]. Literature does however show that the surfactant and presence
of water can have negative effects on the binding capabilities of the MIP [47],
though there is opposing literature that suggests the presence of water may in
fact help the formation and function of the MIP [48]. It is to be noted that
different interactions occur during each process, and the purpose of the
research is to see how generating more homogenous smaller particles by
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emulsion polymerization compare to a crushed monolith of the same
composition. This said the size of the micelles formed still depends on how
well mixed the organic and aqueous phases are, therefore an investigation into
how the stirring affected the achieved particle sizes was conducted. Another
consideration lies in the fact that the monolithic bulk composition was directly
transferred into an emulsion type setting, which means that DMSO was still
used in the organic phase as a porogen. DMSO is miscible with water that
could prove problematic for the formation of micelles, though the other
components present are a less soluble and still enable micelle formation. There
has been research conducted on systems that used DMSO as an alternative
solvent for micelle formation when aqueous conditions would not be feasible
[49]. It has been shown that micelles still form due to the high polarity of DMSO
and a surfactant can still function to form micelles at the phase boundaries
between polar and non-polar interfaces [50]. In the case of the generation of
MIPs in this research, it could be speculated that DMSO would distribute
between the water and less soluble components of the mixture, making it
present inside and outside the micelle formation. However, a further study
would have to be conducted to thoroughly investigate the true mechanism in
this circumstance.

An overhead stirrer was chosen for the reaction process as it provided greater
control over the speed the mixture was subjected to, and ensured that the
whole mixture received the same level of stirring compared to that of a
magnetic stirrer. Ensuring different rpm’s could successfully be applied across
the solution a range of 600 — 1400 rpm was selected. Agitation at the lower
speeds yielded larger particles (50 — 100 pm) with higher standard deviations,
whereas higher speeds produced small particles (5 — 30 pm) with a smaller
deviation. When plotting the particle size against rpm a clear relation is
viewed, with the particle sizes achieved plateauing above 1000 rpm. Though
the particle sizes differs with rpm, the particle morphology does not. Optical
microscope images reveal that the spherical morphologies of the particles are
consistent across the speeds tested. Thus, the emulsion polymerization
demonstrates a visible increase in the homogeneity of particle sizes and
structure when compared to that of the bulk polymerization method.
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Binding of Emulsion MIP

When analyzing the emulsion MIP 205 data it is clear that it possess a higher
binding capacity (22.53 pmol g1) towards amoxicillin when compared to the
monolithic bulk generated particles (9.89 umol g?). The increased
homogeneity of the particles in MIP 205 are the clear source of this increased
capacity, providing smaller, more uniform particle sizes that facilitate greater
mass transfer and surface area when compared to the roughly ground particles
[51]. MIP 205 performs greatly at lower concentrations (below Ct = 0.15 mM)
and quickly saturates, whereas MIP 203 performs across the full concentration
range. The IF values compared in table 3 relates the performance of the MIPs
at different free concentrations (Ct=0.1, 0.2, and 0.3 mM), analyzing the specific
interaction of the MIPs more clearly. These IF values compliment figure 8,
giving a metric of the decreased performance of MIP 205 past Ct=0.15 mM. It
can be speculated that the loss in performance at higher concentrations is a
direct result of simply transferring monolithic bulk optimized components to
the emulsion methodology, or as previously mentioned the presence of water
and surfactant during polymerization reducing the binding affinities at the
higher concentrations. However, this drop in performance at higher
concentrations is inconsequential as the concentration range for antibiotics
within wastewater, effluent, and/or milk are much lower (286.7 - 909 ng L-1) in
concentration [52, 53].

Exposure of the MIP 205 to other antibiotic analogues (ampicillin and
cloxacillin) reveal that the MIP performances well at binding cloxacillin,
whereas it poorly binds ampicillin. Between the two analogues tested
ampicillin holds the closer resemblance to amoxicillin, though the structure
lacks the presence of the hydroxyl functionality of the terminal aromatic
system. The absence of this group seems to critically affect the binding of
ampicillin, with a diminished maximum binding capacity of 4.71 umol g
observed. Loss of the strong hydrogen bond acceptor/donor functionality
seems the rational for this, being in an easily accessible sterically unhindered
position [54]. Cloxacillin does not display the same reduced binding capacity
(16.43 umol g?), despite its much larger molecular weight and bulk chemical
composition. The structure does however retain the presence of the oxygen
heteroatom alongside an additional nitrogen, which could be the argument for
this. The addition of the nitrogen and subsequent lone pair of electrons would
facilitate extra binding via a hydrogen donor interaction, and even an ionic
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interaction as the functionality becomes positively charged by accepting a
proton [54].

The specific interaction (IF) of each analogue was once again evaluated at Ct =
0.1, 0.2 and 0.3 mM to enable a direct comparison of each of the compounds
(Table 3). When analyzing these values at Cs=0.1 mM it is clear that amoxicillin
has the highest IF value by quite some way, though now it is observed that
ampicillin actually has the higher specific interaction when compared against
cloxacillin. This maybe down the aforementioned reasons with ampicillin
being closer to the structure of amoxicillin so therefore can bind more
specifically, whereas cloxacillin has more groups that can provide non-specific
interactions. As the IF is calculated at higher concentrations (Ct = 0.2 and 0.3
mM) ampicillin interacts more specifically with the MIP, whereas cloxacillin
and amoxicillin interact with the MIP in a more comparable and similar
manner. Though the intended sensor is developed towards amoxicillin, there
is an argument to be made that a broader sensor for aminopenicillins as a
whole is more preferable as it would facilitate broad spectrum testing of
samples. Therefore, the indicated affinity of the sensor towards cloxacillin
could be of benefit depending on the setting the sensor is deployed in.

Selection of a dye for displacement

Malachite green and crystal violet were selected for testing as potential dyes to
be displaced based on their previous use in other research [26, 27]. Their
chemical structures contained terminal amine functionalities that offer ionic
bonding to the methacrylic acidic functionalities in the MIP. The observed
binding capacity of malachite green and crystal violet reflect this, with binding
capacity surpassing that of amoxicillin (28.33 umol g and 49.73 umol g1). The
increased interactions between the dyes and MIP can stem from the increased
number of easily accessible amine functionalities present, and/or the relative
size of the molecules when compared to that of amoxicillin [55]. Mordant
orange on the other hand contains an azo functionality placed between two
aromatic systems, making it more hindered and harder to interact with. This
fact is reflected in the maximum binding capacity observed (24.18 umol g),
though mordant orange possess a nitro and carboxylic acid functional that can
provide additional interactions with the MIP.

Previous research has demonstrated that there is a relationship between the
imprint factor of the dye being displaced and the imprint factor of the target
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molecule displacing said dye [26, 27]. For dye displacement to be successful
the IF value of the dye must be lower than that of the template molecule at the
defined free concentration. Both malachite green and mordant orange have a
lower IF value than amoxicillin at the lower free concentrations, making them
both potentially suitable as dyes in the displacement assay. However, the prior
research also suggests that the dye molecule must have a somewhat similar
binding capacity to the MIP as the template molecule; otherwise, the dye
would be less easily displaced. Out of these two dyes, mordant orange has the
binding capacity more similar to that of amoxicillin, whereas malachite green
is observed to have a higher maximum binding capacity that would not bode
well for the displacement mechanism. Therefore, of the two molecules,
mordant orange is the clear choice for the displacement assay.

Dye displacement assay

The dose response reviled that an observable displacement of dye was apart
when the assay was incubated with 0.365 mg L1, being clear on the UV-spectra
and by analysis with the naked eye. After this point the inspection of the colour
of the filtrate proved more difficult as the colour gradient between samples is
not always obviously. This said, a clear distinction between absorbance is seen
in the UV-spectra with the amount of dye displaced correlating to the amount
of amoxicillin present. Normally other organic pollutants are expected to
present that could mask/interfere (absorb at a same or similar wavelength)
with the amoxicillin absorbance peak; therefore, it is beneficial having the
higher wavelength dye present that is less likely to experience
interferences/masking [56]. Past 91.25 mg L however there is little change in
the amount of dye displaced, meaning higher concentrations of amoxicillin
could not be correlated with a specific absorbance of dye. These results lend
into the assay being used in a semi-quantitative manner, enabling the user to
visually differentiate between low and high concentrations. The linear range
unfortunately is lacking, which would impede the sensor in an environment
where quantitation of the presence of amoxicillin is necessary.

Selectivity tests on the assay revealed that the assay is also sensitivity towards
the presence of ampicillin and cloxacillin. Figure 12a shows that ampicillin
elicits a higher amount of dye displacement when compared to cloxacillin,
though this amount is still only half the amount that the amoxicillin achieves.
In the context of waste analysis for antibiotics it would be fruitful to have an
assay that is capable of detecting a wider range of antibiotics compared to just
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a singular structure. The selectivity of the assay towards other aminopenicillins
can therefore be seen as a positive, opening the sensor to the possibility of
broad range analysis across the class of compounds. As previously discussed,
it is logical that other compounds of the same class interact with the assay as
they did with the MIP. If the assay was to be developed further towards the
sole purpose of detecting amoxicillin, then the selectivity of the MIP must
therefore be improved to remove the cross selectivity observed in the assay.
This may however prove troublesome, aminopenicillins share very similar
chemical architectures, making it more sensible to expand the capabilities of
the MIP towards class determination rather than a compound specific analysis.
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Conclusions

Overall, the research demonstrates how a colorimetric assay for the detection
of amoxicillin can be easily generated in just a few steps. The work utilizes
simple bulk MIPs to discover polymeric compositions that interact with
amoxicillin and builds these findings into a more refined MIP morphology that
improves sensitivity and homogeneity by means of emulsion polymerization.
During the synthesis of these more refined particles, a relationship between the
speed of agitation and particles sizes produced was observed. This relationship
could be exploited to make more reliable MIP sizes on a larger scale that holds
both academic and industrial value. These more homogeneous particles
demonstrated high specificity towards amoxicillin at low concentrations (Ct =
0.1 mM), while proving selective and showing minimal interaction with
compounds of the same class (ampicillin and cloxacillin). Alongside
aminopenicillin analogues, various dyes (malachite green, crystal violet, and
mordant orange) were tested for their specific binding towards the MIP and
their interactions studied. Malachite green and crystal violet have been
previously used in literature to produce dye displacement assays, though
mordant orange has never been tested for such a possibility. This research
therefore pushes the boundaries that are currently in place for the selection of
dyes for these kind of MIP-based dye displacement assays. Once the optimum
dye was identified, the developed MIP was easily converted into a visual
sensor by the simple loading of mordant orange that could easily be displaced
in the presence of the template molecule - amoxicillin.

Overall, the novelty of the research lies in the fact that this is the first time a
MIP-based dye displacement assay has been generated for amoxicillin using
this format with the combination of mordant orange. The findings from this
research has potential to be used in both a quantitative and semi-quantitative
manner depending on if analytical apparatus is on hand. The key technical
advantage being shorter analysis time, no sample pre-treatment and
portability. In short, the methods outlined in this paper could be utilized in the
rapid analysis of aqueous samples for the unwanted presence of the antibiotic
amoxicillin.
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Figure Al. The chemical structure of (a) Crystal violet, (b) Malachite green, and (c)

Mordant orange.
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General Discussion

The research given in this thesis has highlighted how MIPs are a powerful tool
in the field of chemical sensing. It has been demonstrated how MIPs can be
grown and grafted directly to the surface of substrates (Chapter 3), used as
receptor layer in a classical biomimetic sensor concept or transformed into a
dye displacement assay for visual verification of new psychoactive substances
(Chapter 4), amphetamine (Chapter 5), and aminopenicillins (Chapter 6).

Surface grafting of polymeric receptor layers

The direct grafting of the polymeric receptors onto the surface of aluminium
substrates overcame issues related to the deposition of MIP particles for the
use as receptor layers. The reported data showed an increased sensitivity
versus the more traditionally deposited polymeric receptors, increasing the
LoD of the setup by an order of magnitude. Introducing a methodology that
could easily achieve a 15 nM LoD in comparison to 150 nM, making the
analytical technique more applicable with potential real world analyte
concentrations [1]. The thickness of the polymeric layers produced was found
to be proportional to the incubation time with the polymeric solution, with an
optimum layer thickness of 110 um based on the constant A, representing the
fitting of each thickness dose response curve. Compared to current coating film
sizes the layers grafted are extremely thick, though the data demonstrated that
this had some benefit (e.g. the optimum value for sensitivity being higher than
the lower thickness values, and a thick deposited layer lends itself to being
more robust).

The grafted polymeric receptors were tailored towards the detection of 2-
methoxphenidine, targeting a class of compounds that falls under the branch
of New Psychoactive Substances (NPS). Compared to more common drugs of
abuse, NPS have few tailor made methods for their detection, though it is
becoming more common [2]. Current forms of analysis use GC-MS, LC-MS and
even MS-MS for their detection, though for the identification of these
compounds the operator has to have some rough indication of the type of
compound being handled so the correct methodology associated with these
techniques can be selected [3]. This means there is currently no scenario where
one method encompasses wide spectrum testing to offer analysis across the
NPS field. This means that NPS compounds pass by undetected, until they are
isolated and a methodology developed for their detection [4].
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The technology presented in this segment could be offered as an alternative to
the current methods. In the current form the receptor maybe lacking the ability
to detect multiple analytes, though a generic receptor for different classes of
NPS could be generated allowing the wide-spectrum analysis. In terms of LoD
and sample analysis, a large proportion of drugs analysis is done on seized
samples where sample size (mass) is not an issue [5]. This means an ultralow
limit of detection is not essential for analysis, and the ability of the platform to
confirm the presence of a target compound is the main goal. The methodology
associated with sample analysis remains constant in the thermal method
proposed, with the receptors for each analysis being the only element that
differs. Therefore, it can be seen with further development of MIPs for NPS, a
potential generic method of confirming their presence could be developed and
hold great value against the current methods.

There are no specific drawbacks to the outlined technology, though things can
always be improved. The development of the receptor layers could be tackled
from a different viewpoint, functionalizing the surface of the substrate and
chemically binding nanoMIPs to the surface opposed to the thick grafted layers
reported [6]. This could potentially improve the LoD of the setup further,
though it would be seen if this has any impact on the selectivity of the
approach. Improvements to the flow cell design and the thermal couples used
in the analysis of the thermal resistance may yield more reliable and
reproducible readings, and could be used to further the sensitivity of the
method [7]. The culmination of these proposed changes could drastically
improve a research line that arguable already has a lot of potential impact.

Substrate Displacement Colorimetry (SDC): Dye
displacement assays

The use of rapid colorimetric assays for the detection of biological and chemical
markers has been an expanding field for the last half a century. Their
popularity lies in their ease of use and low price point, with the time efficient
manner which they convey results adding desirability [8]. MIPs commonly are
associated with electrical readout technologies, with few assay format MIP
systems presented as of to date. The few assays that currently exist are still
classified as emerging technologies, with researchers and companies
experimenting with what can be achieved [9].
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In chapter 4, 5, & 6 the idea of a simple MIP-based dye displacement assay was
brought forward, investigating the relationship between MIP-dye binding and
determining what factors affect the displaceability of the dye when a target
analyte is introduced to the system. The idea of assigning a binding factor that
in essence is a reflection of the commonly used imprinting factor was
introduced, enabling a metric to be correlated with how well a molecule
interacts with the MIP in comparison to a NIP of the same composition. The
metric was correlated with the imprint factor (IF) of various MIP compositions
towards the target analyte, predicting where the dye would be displaced in the
presence of the chosen analyte. A freehold value was discovered, meaning the
IF of the MIP the template molecule had to be greater than the binding factor
of the prebound dye for displacement to occur. Thus, a basic concept of a
mechanism behind dye displaced was formulated, and built upon for the
development of the dye displacement assays.

The initial paper (chapter 4) analyzed the candidacy of multiple dye molecules,
assessing their capabilities to bind to the developed MIP. Their affinity was
quantisied as a binding factor that was directly compared to the native
imprinting factor of the MIP. Thus ensuring the selected molecule had a greater
enough difference between these two values to elicit a displacement reaction.
Other factors concerning the extinction coefficient of each dye was taken into
consideration when finally selecting malachite green for displacement assay.
Malachite green exhibited the greatest difference between its own binding
factor and the imprinting factor of the MIP, while having a high extinction
coefficient. The high extinction coefficient is beneficial in this form of assay as
in enables lower concentrations of dye to be detected by means of UV-vis due
to intense chromophore present within the molecule, yielding an intense
quantifiable band in the absorbance spectra [10]. Malachite green is just one of
hundreds of dyes that have this property, screening them all would be
impractical (time consuming) but it would be logical that there is a more
suitable dye to be identified for future development of the assay. Another
consideration could be the use of dye-analyte conjugates, providing a labelled
version of the target that could be displaced [11]. The possible downsides to
this are primarily the more complex nature of synthesizing said conjugates, but
also the conjugates might not displace in the same manner due to a higher
affinity and therefore would ead to a decrease in assay sensitivity.

The use of malachite green enabled the displacement assay to achieve a LoD
within the mM range, which is ideal for solid sample analysis. Improvements
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to the sensitivity could be achieved by developing smaller particle sized MIPs,
and therefore increasing the mass transfer between analyte and receptor. The
increased interaction would yield higher sensitivity particles that would allow
a lower LoD to be secured [12]. Having a lower LoD would facilitate the
analysis of other samples and would expand the technology towards other
compounds of interest that require more sensitive approaches [13]. Methods to
be considered for the development of smaller more homogenous MIPs are the
solid phase synthesis of the receptors, though this would require the chemistry
behind the coupling of the template to a solid phase support to be investigated
[14]. As a proof-of-concept the research highlights that it is possible to generate
an easy low cost analytical assay for easily available commercial components,
and therefore has merit.

Extending proof-of-concepts towards other analytical targets can be
problematic, and concepts may only extend as far as the model compound in
some situations. Therefore, the proof-of-concept was extended in chapter 5
tailoring the displacement assay towards the detection of a classical drug of
abuse. The processes conducted reflected that of the first research article based
on this technology, though this time with amphetamine hydrochloride as a
template molecule. The concept was successfully implemented, demonstrating
a good LoD (0.009 mg mL-") with the use of bulk imprinted MIPs and crystal
violet dye as a reporting agent. The concept was taken one-step further,
proving that the assay functioned when introduced to spiked urine samples
and the resulting coloured filtrate could be easily observed due to the
unnatural purple colour of the filtrate. The results reported show the same
reproducibility in both urine and PBS, though for further biological sample
analysis other biomolecules and ions must be taken into consideration. The
assay must be tested against common biomolecules, ionic species, and
medications that maybe found in biological samples before the assay can be
truly announced a success in the analysis of a bio-relevant matrix [15].

In the previous two chapters illicit substances were selected as targets for the
developed dye displacement assays, Chapter 6 therefore intended to
demonstrate how the technology could be developed towards an
environmental pollutant. Antibiotics were selected as such a pollutant, being a
major risk to not only the environment but also the wellbeing of the human
species as a whole [16]. Since their discovery in the 20t century, antibiotics
have seen a meteoric increase in use over the last decades, meaning their
presence in the environment has seen the same increase. This makes them the
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perfect target for a MIP-based colorimetric sensor that would facilitate the
rapid analysis of contaminated environmental and food samples.

Asin Chapters 4 & 5, the same methodology of developing a colorimetric assay
was implemented, though this time a more elegant method of producing more
homogenous MIP particles was selected. The use of an emulsion
polymerization strategy was chosen, combining an aqueous phase and organic
phase in the presence of a surfactant that facilitated the formation of a stable
emulsion. The research draws attention to the amount of agitation (stirring) the
components require to achieve defined particle sizes, and analyzes the
distribution of said sizes in each sample. It was found as the amount of
agitation increased the particle size decreased, though this began to plateau
after 1000 rpm with a particle size of 8 — 10 um. If smaller particle sizes wanted
to be achieved considerations towards the use of an ultrasonic probe could be
made, with some examples in literature using said device to produce nano-
sized MIPs [17]. The downside to producing sub-micron particles would
however mean that the methods used to collect and isolate said particles would
become more difficult. Particles of a low micron size prove easier to handle and
process, making them more “useful” in the currently developed dye
displacement assay format.

The optimum MIP composition was found to be a methacrylic acid based TRIM
co-polymer, with the acid functionalized MIPs out performing the basic
functionalised MIPs. Analysis of the structure of the aminopenicillin used
(amoxicillin) reveales the presence of both acidic and basic functionalities,
though the basicic functionality is arguably less easily accessible. A composite
material of both the acidic and basic monomer could theoretically yield
improved results, though this may be unlikely as the opposing monomers are
just as likely to interact with each other than with the templated amoxillicin
during the MIP synthesis [18]. A promising if not surprising result is however
the higher sensitivity of the emulsion MIPs in comparison to the monolithic
bulk MIPs. The greater homogeneity in size and morphology is highlighted,
offering an increased possibility of large scale production that could lead to
easier implimention of MIPs into sensory platforms in both a research and
commercial setting.

The developed assay format stemming from the development of the
aforementioned MIP demonstrates once more that all MIPs have the potential
to be easily converted into a colorimetric assay. As with the previous two
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assays, multiple dye molecules were tested for being displaced. Mordant
orange was selected as the dye of choice, though unlike with the assays prior
the dye molecules utilized this time were smaller and lower in molecular
weight than the imprinted amoxicillin. The colorimetric assay was tested
against amoxicillin, ampicillin, and cloxacillin and the assays response
analyzed. The response towards amoxicillin was the strongest, with a visually
apparent amount of dye being displaced and quantified with a UV-vis
spectrophotometer. Cloxacillin and ampicillin showed a diminished response
with the assay, though still a weak response was observed. Selectvity towards
amoxicillin was favoured, though arguably it would be more benifical from a
sensory and commercial standpoint if the assay was selective towards all
aminopenicillins. Having a colorimetric sensor that could detect molecules
across the class is more useful than solely targeting one antibiotic as many
different molecules tends to be prescribed depending on the attached ailment
[19]. It would therefore stand to reason if the MIP was redeveloped to be less
selective towards the one aminopenicillin, as in this situation the ability to
detect beyond the single compound while doing in-the-field analysis would be
highy beneficial compared to single molecule analysis.

Overall the presented research across Chapters 4, 5, & 6 draws clear attention
to how MIPs can be easily implemented into colorimetric sesnors. In the future
further research and development should target the development of more
sensitive and homogenous MIPs, increasing the analytical capabilities of the
sensors towards trace amount analysis and bringing the sensitivity closer to
that of bio-based assays. Other considerations should be made towards the use
of more sustainable dyes, with traditional dye molecules being generally toxic
and harmful towards the environment [20]. Identification of bio-friendly
alternatives would reduce the environmental impact, alongside enabling the
potential for the development into more biocompatible scenarios e.g. wearable
sensors [21].
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Summary

The presented thesis investigates the uses of MIPs in various sensing
applications, drawing close attention to the possibility of using MIPs in low-
cost sensors and assay formats. More specifically, sensing arrays were
investigated that would prove beneficial to the in-the-field-testing of illicit or
controlled substances.

Chapter 1 introduces the idea of molecular sensing and the different methods
developed for the analysis of molecular species. This builds the bigger sensing
picture, directing the reader towards the use of molecularly imprinted
polymers in sensing platforms.

Chapter 2 conducts a deep dive into the current status quo of molecularly
imprinted polymers, drawing specific attention towards low-cost sensing
platforms and assay formats. The review paper shows how MIPs have been
applied to the sensing to a whole range of molecular species on a research level,
though struggle to be applied in a commercial setting. One of the reasons
discussed hinges on the reliability and reproducibility of MIPs, which in turn
also questions the associated sensing platforms that utilize these synthetic
receptors.

Chapter 3 seeks to offer a solution to the reliability and reproducibility
questions were raised in the previous chapter. To this end, a method of directly
grafted molecularly imprinted polymeric receptor layers is highlighted. The
methodology discussed enables the synthesis of receptor layers across the
surface of an aluminium substrate, thus allowing the measurement of the
targets presence via thermal impedance. The selected target for the
experiments was the New Psychoactive Substance (NPS) 2-methoxphenidine,
demonstrating that MIPs could be used to detect newly found substances of
concern for law enforcement. The presented results demonstrate a superior
limit of detection (LoD) of the sensor compared to traditionally generated
receptor layers. Correlating the thickness of the newly grafted layers to the LoD
achieved.

Chapter 4 developed the idea of sensing controlled substances further, by
designing a sensing method that is not reliant on electrical transducers. The
proposed dye displacement assay demonstrated how a MIP could be modified
by preloading a dye that can be displaced to the surrounding medium in the
presence of the target molecule. The resulting assay demonstrated a selectivity
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towards the NPS target, and showed a vibrant colour transformation that
allowed for naked-eye detection of the chosen compound. The research builds
a relationship between the imprint factor (IF) of a MIP and the binding
capabilities (BF) of a dye molecule, aiming to generate a mathematical
probability of the dye being displaced by the target substrate. Various other
facets of the sensor are investigated, optimising the incubation time, and
amount of MIP required to generate a colorimetric response.

Chapter 5 builds further on the concept of dye displacement assays, replicating
the process for a more traditional drug of abuse (amphetamine). This work
highlights how the concept can be adapted to other compounds and not just
the model compound introduced in the previous paper, thus lending to its
potential for commercial viability. Various dye molecules (crystal violet, basic
blue, pararosaniline, methyl orange and phenol red) are tested for suitability
as a displaceable dye indicator, with crystal violet proving the most suitable.
The sensor is shows to displace dye in a quantitative manner, relating the
amount of amphetamine present to the amount of dye displaced. The research
culminates in the use of the sensor in spiked urine, providing similar amount
of dye displaced in both urine and PBS.

Chapter 6 expands on the knowledge base previously built in the prior two
chapters, and extends the use of dye displacement assays towards the detection
of antibiotics. In this chapter, the rational design of a MIP towards the detection
of amoxicillin is outlined, proposing various monomer: crosslinker pairings for
the binding of the antibiotic in aqueous medium. These compositions were
implemented in monolithic bulk imprinted polymers, with the best
composition (MAA/EGDMA) being carried forwards to the development of
MIP particles by an emulsion polymerization approach. The more elegantly
synthetized particles showed greater homogeneity in both terms of size and
morphology over their monolithic counterparts, leading to their use in the
ensuing assay. Mordant orange was selected as the dye to be pre-loaded onto
the MIP for the assay after a study with itself, malachite green and crystal
violet. The produced sensor was then subjugated to amoxicillin, cloxacillin,
and ampicillin, enabling the sensitivity and selectivity of the assay to be
evaluated.

Finally, the results are critically analyzed in Chapter 7. In this chapter, the
research findings are debated, drawing attention to the windfalls and pitfalls
of each of the developed sensors.
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Valorisation

The transfer of knowledge from a research environment to the commercial
stage is a critical process that is becoming more relevant than ever before. The
development of new technologies that can benefit society is a continuous
process, with hundreds of breakthroughs in many areas of science each year.
Though this is true, the vast amount of these breakthroughs will not see the
shelves in a store, as the translation from laboratory research to commercial
application is expensive, time-consuming and sometimes goes completely
unnoticed. It is therefore imperative for researchers to be aware of the true
impact of their research, and to recognise when a technology is capable of
making the leap to the commercial sector. Potential impact of research is
therefore always at the forefront of a researchers mind, with institutions
incentivising the transition of research into novel products and/or services.

The work in this thesis described the application of MIPs in multiple sensory
platforms, with the research orientated towards investigating new ways of
utilizing MIPs and sensing molecules.

The current landscape of MIPs integrated into sensory platforms was
discussed in chapter 2, concluding that the current synthetic procedures and
methods incorporating MIPs need to become more reliable/reproducible to
yield products that are suitable in a commercial setting. This said, MIPs still
have excellent potential for revolutionising the field of sensing, and offering
affordable products for the analysis of a whole host of molecules.

MIPs" unique selling point lies in the simplicity of the technology, solely
comprising of a polymeric matrix that has complimentary nanocavities
tailored towards the binding of a target molecule. The ways in which this
nanocavity is synthesized may vary, yet the premise remains the same across
the field. This simplicity lends itself to the cheap production of generic MIPs,
with the constituent elements of a MIP comprising from a functional monomer,
functional crosslinker, porogen, and initiator molecule (though component
ratios would still need tweaking based on the selected target). All of which are
commercially available in large amounts at low cost, primarily due to the
advancements made in the chemical industry and the developments in
polymer science over the last decades.

The main restricting factor holding MIPs back from a commercial environment
is the scaling of mass produced MIPs, where batch-to-batch variance is low and
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reproducibility is high. Steps have been made towards resolving this matter
with companies such as MIP diagnostics Ltd. [1] pathing the way with their
solid phase synthesis of nanoMIPs. Their development allows the synthesis of
highly reproducible nanoparticle MIPs by generating polymeric receptors on a
column loaded with template functionalized glass beads. A polymer solution
is added down the column, followed by exposure to UV light, and finally the
elution of unreacted components/low affinity MIPs. The high affinity MIPs are
then washed off the column with warm water, resulting in highly dispersed
nanoMIPs in solution [2]. These nanoMIPs have therefore been applied in
many applications, including lateral flow assays, low-throughput ELISA, high-
throughput ELISA and other sensory devices [3]. The solid phase synthesis of
these nanoMIPs has been proven to be a game changer, however the
limitations still exist with the current synthesis of these artisan MIPs being
carried out on a small scale.

The future commercial success of MIP-based sensing technology does not only
rest in the hands of solid phase synthesis alone, other improvements to the way
MIPs are being implemented into sensor platforms may hold just as much
value, if not more. In chapter 3, the use of MIPs in conjunction with the “Heat
Transfer Method” (HTM) is presented, highlighting how the sensitivity of the
platform could be improved by applying a new MIP deposition method. This
technology is of high value, using a simple thermal resistor, a thermal couple,
flow cell and power unit to measure the binding affinities of MIPs. The
simplistic nature of the methodology is similar to other innovations in the field
such as electrical impedance and quartz crystal microbalance (QCM), though
easier and cheaper to create such a device in comparison. In theory, this is a
technology that could be easily used in “the field”, being easily transportable
and compact in comparison to other current analytical methods that require
large equipment for analysis. This reasoning is why the technology was
patented by Maastricht Univeristy and other participating universities, seeing
the huge research and commercial potential of the platform. Currently this
technology still remains in the developmental stages of a company coined
“Sensip”(Maastricht university based spin-off company), calibrating the
platform towards the detection of bacteria using surface imprinted polymer
opposed to molecularly imprinted polymers [4]. The hurdle remains the same
with this platform, the production of the receptor layers.

A lot of products are commercial successes due to their ease of use and hand-
sized portability, a facet MIP based readout methods has not leaned into as of
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yet. Chapters 4, 5, & 6 investigated producing MIP-based dye displacement
assays removing the need for a readout platform all together. This approach
took simple bulk imprinted MIPs, commercially available dyes and combined
the two to create the dye displacement assay. The straightforward manner in
which this displayed would make for the easy production of colorimetric
assays from any MIP. A proposal was therefore made to investigate the
feasibility of taking the technology and developing a product from it. Funding
was applied for from NWO, outlining a strategy for the production of MIP-
based dye displacement assays for the rapid analysis of drug samples. The
concept itself was highly promising, though again the reliability and
reproducibility of MIPs was brought into question leading to funding be
declined.

Overall, the field of MIPs is not ready to be brought to the commercial sensing
sector. Key obstacles must be overcome to even consider transitioning a
product from a research environment, though a lot of MIP based technologies
are on the cusp of achieving this. As with more traditional biosensors before
them, it is only a matter of time before MIP based technologies see the market.
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