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ultimate end, it is terminated by enjoyment; and what seemed to be love vanishes, because it cannot

pass the bounds assigned by nature; whereas true love admits of no limits.”

- Miguel de Cervantes Saavedra®

1 Miguel de Cervantes Saavedra, in Don Quixote
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Summary







This thesis was predominantly undertaken to study and investigate molecular imprinted polymers
(MIPs) with a view to their use as high longevity sensing elements in sensor arrays. The research
line of the thesis was intended to lead to the integration of these imprinted arrays into an Electronic
Tongue (ET) sensing system which is the area of expertise of the research group in which this
project was primarily executed. Having initially executed a review of the literature, focusing
initially on the application of the MIPs to an electrochemical device, an imprinted voltammetric
sensor and a complimentary sensing procedure was developed using a combination of protocols
extracted from the literature. This sensor, described in Article 1, had good selectivity toward the
primary analyte, theophylline, and specificity against structural analogues. Though the design of the
sensor allowed for significantly improved regeneratibility of the sensor relative to similar systems
in the literature, the insulating nature of the polymers used in the MIP reduced the electron transfer

rate at the sensor surface and thus resulted in a reduction in sensitivity.

Following this initial experimental study, a secondment was undertaken in the University of
Leicester under the supervision of Professor Sergey Piletsky. During this period, an intensive study
of the design process of molecular imprinting, aided by an in-house computational molecular
modelling platform, was conducted focusing on the design of an imprinted receptor for the low
solubility 'model template’, melamine. This MIP was successfully synthesised, characterised and

used in the detection of melamine in milk samples, as detailed in Article 2.

Further development of computational modelling techniques for the evaluation of MIP modelling
techniques was also achieved with a view to create a virtual evaluation technique for the design of
imprinted receptor sites optimised for the requirements of their application to an ET sensor array

using the skills acquired during the Leicester secondment as detailed in Article 3.

As detailed in the final chapter of this thesis, the insight into the imprinting process which was
acquired during the research has been used to design a sensor array system which meets the
specifications of ET experimental runs. This takes the form of the introduction of the research topic
computationally selected polyelectrolytes, immobilised onto a voltammetric electrode surface via
highly robust conducting graphite ink. Additional recommendations are also made to further
enhance the on-going MIP projects within the laboratory, such as the separation of the MIP and the
electrode to increase MIP regeneratibility. Some final suggestions for some other inter-institutional
collaboration are also presented which aim to creating portable ET system for in-field sample

collection and analysis.
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Resumen







Esta tesis se ha hecho principalmente para estudiar e investigar polimeros impresos (MIPs) con la
intencion de usarlos como sensores de larga vida. La linea de investigacion de esta tesis es la
dirigida a conseguir la integracion de estas formaciones impresas dentro de una lengua electronica
(ET), que es la rama de especializacion en la que se ha desarrollado principalmente este proyecto.
Después de hacer una revision de la literatura, que inicialmente se centraba en la aplicacion de
MIPs a un equipo electroquimico, un sensor voltamétrico impreso y un procedimiento sensitivo
complementario, el procedimiento se cre6 a través de una combinacion de protocolos tomados de la
literatura. Este sensor, descrito en el Articulo 1, presentaba una buena selectividad hacia el analito
primario, teofilina, ademas de la especificidad requerida frente a sus andlogos estructurales. Aunque
el disefio del sensor permitia una mejor regeneracion de la superficie respecto a otros sistemas
parecidos encontrados en la literatura, el comportamiento de los polimeros usados en el MIP
retardaba la tasa de transferencia de electrones en la superficie del sensor. Por culpa de este

fendmeno, la sensibilidad del sensor se reducia.

Justo después de estos experimentos iniciales, se hizo una colaboracion con el grupo del Profesor
Sergey Piletskey en la Universidad de Leicester (UoL) de Reino Unido. Durante este periodo, se
realizd un estudio intensivo del proceso de disefio de impresion molecular asistido por un sistema
computacional de modelizacién molecular ‘inhouse’. Se puso énfasis en el disefio de un receptor
impreso para la molécula de baja solubilidad melanina, que se toma como ‘template modelo’. El
MIP resultante se caracteriz6 y uso para la deteccién de melanina en muestras de leche, tal y como

se describe y detalla en el Articulo 2.

Mas tarde, utilizando los conocimientos adquirido durante la estancia en Leicester, se desarrollaron
nuevas técnicas de modelizacion computacional para la evaluacion de los métodos utilizados en la
modelizacién de MIPs, con el objetivo de obtener una técnica de evaluacion virtual para el disefio
de receptores impresos, optimizados para los requerimientos necesarios para su posterior aplicacion

en un sensor ET, tal como se detalla en el Articulo 3.

Tal y como se detalla en el capitulo final de esta tesis, la experiencia y conocimientos adquiridos
durante la investigacion, se usaron para disefiar un grupo de sensores que funcionan asociados a ET.
Este desarrollo podria ampliarse profundizando en la seleccién computacional de polielectrolitos,
que luego serian inmovilizados en la superficie de un electrodo voltamétrico mediante una tinta de

grafito conductora, de elevada robustez y estabilidad.

En este sentido, también se proponen otras recomendaciones para lograr la mejora de la capacidad
de regeneracion de los MIPs utilizados, por ejemplo mediante la separacion de MIP y electrodo.
Finalmente, se presentan algunas sugerencias para colaboraciones institucionales, con el propdésito

de crear un sistema ET movil, que permita recoger y analizar muestras en campo.
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Chapter 1 — Introduction







1. Introduction

1. Introduction

The aim of this PhD thesis was to investigate the plausibility of the application of molecularly
imprinted polymers (MIPs) to the electronic tongue paradigm, ideally using efficient, and relatively
low-cost electrochemical detection techniques incorporating durable, reusable sensor arrays. To test
this hypothesis, the project had to be divided into its two constituent parts which were the design
and synthesis of robust and efficient receptor, or sensing element, and the optimal application of it
to an appropriate transduction method. It is perhaps most important to note that for the final system
to operate efficiently, not only must both of these components be confirmed to function in and of
themselves, but also both the receptor and the transduction platform must not unduly inhibit each

other when combined.

When confronting an analytical challenge, id est, the detection of analytes in real samples rather
than those created in a laboratory used for characterisation purposes, the accuracy of the result
depends on either the efficacy of the preparation of the sample and minimisation of unknown
variables, or on the efficacy of the sensing method and the interpretation of the results. In real world
scenarios, targeted compounds are often present at trace levels and/or in complex matrices. The
combat of these issues can lead the researcher either to attempt to concentrate or purify the targeted

compound in anticipation of detection, employing MIPs as extraction tools. Alternatively, direct
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Design and development of molecularly imprinted polymers and imprinted sensors

detection of the untreated target-compound's signal in the presence of interferants can be achieved
using the excellent trace-level performance of MIPs in concert with computational algorithms for
the interpretation of the results from several conciliatory MIP sensors. One of the most widely
known uses of these computational algorithms can be seen in the field of electronic tongues, which
is the area expertise of the Barcelona laboratory from which this PhD project was conducted. The
harmonious combination of both of these pre- and post-analysis sample treatments would

potentially lead to a system whose whole was truly greater than the sum of its parts.

Using the acronym 'MIPs' does not help in the understanding of what such an entity is. Starting with
the most the most basic of definition, MIPs are always polymers, or a chain of repeating finite units.
An artificial molecular receptor, or imprint, is created by mixing a molecular template with one or
more monomers, the structure of one of which contains some manner of functional group, referred
to as the functional monomer (FM). These FM molecules have the capacity to form bonds with
chemical groups or features on the structure of the template molecule. Complementary forces
between these molecules draw them together and compel them to form what is often referred to as
the 'pre-polymerisation complex'. A co-monomer is then added, at which point a polymerisation
reaction is initiated. The polymerisation of the co-monomer around the pre-polymerisation complex
rigidly locks its morphology in place. Upon termination of the polymerisation reaction, the template
molecule can be removed from the now secured complex, thus creating an artificial receptor on the
surface of the polymer, tailored to the template molecule and thus capable of preferentially re-

binding to that same molecule and its analogues (Figure 1.1).

Polymer Matrix

Functional .
Monomer Cavity
o Removal of
Polymerisation Template
——
| \
Template
Self Assembly Imprinted
Material

Figurel.1: Simple schematic representation of the molecular imprinting process



1. Introduction

1.1 Molecularly Imprinted Polymers

1.1.1 MIP prehistory: Targeted detection and the start of the field

The concept of triggered or specific molecular reactions within a structure is more than a century
old. The phrase 'lock and key', used to describe the preferential interaction between a ligand and an
enzyme was first coined by Nobel Laureate, Emil Fischer in 1894 [1]. This analogy was and is a
highly useful manner in which to visualise and simply explain the docking interaction between the
enzyme receptor and the ligand; because the two components are in close proximity to each other,
and assuming the relatively low energy or shallow field of the attractive forces at play between
them, the morphology of the ligand is obliged to closely adhere to that of the enzyme in order to
instigate its function. From such beginnings, the expansive field of biochemistry grew, with the

mechanisms of biomolecular processes being understood from this basis.

This field has progressed from observation and understanding, to active application and exploitation
of these recognition properties, to the field of biosensing which ranges from microbial enzymes [2]
to bespoke biomolecular structures, tailored to specific target-molecules. Monoclonal antibodies
[3], engineered binding proteins [4], nanobodies [5] and aptamers [6] to name but a few. Though
this entire field is priced in the tens of billions of dollars, these biostructures invariably suffer from
identical problems of high synthetic cost, substrate sensitivity and low thermal and dynamic
stability. One of the most promising efforts to solve these issues can be seen in the rapid growth of
the field of MIPs [7].

1.1.2 The birth and growth of a discipline

The field of molecular imprinting, embodying the design, synthesis and application of MIPs, is one
of the most exciting and dynamic facets of modern chemistry. There has been a steady and tireless
annual growth, increasing by an order of magnitude over the past two decades, in both the journal
papers published and the patents filed which reference this discipline (Figure 1.2). This can be taken

as a clear indication to expansive potential and interest which it has garnered.
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Figure 1.2: Number of papers and patents published on the topic of molecularly imprinted polymers
from 1995 to June 2016 [8]

Though the widespread international dissemination of the molecular imprinting technique and
growth of the field has largely occurred from the 1990's onward, the origins of the field can be
traced back long before this. It has been accepted that the first example of molecular imprinting, the
‘publication-zero’, was reported in 1931, by Soviet chemist M.V. Polyakov who observed some
curious absorption properties exhibited by a specimen while investigating silica gel matrices. He
noted that when the polymerisation process was initiated in the presence of certain additives, such
as benzene and toluene, the resulting silica particles displayed superior binding capacity towards
those specific additives relative to other structural analogues. This ability was reported to be akin to

some sort of material ‘memory' [9].

Following this initial report, came a steady trickle of publications, averaging from one to three each
year, though the technique failed to gain significant popularity due to the low repeatability of the
synthetic protocols and the quite low selectivity that these silica-based MIPs displayed. It was not
until the 1970's when Wulff and Sarhan [10] and Takagishi and Klotz [11] simultaneously reported
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the first instances of molecularly imprinting occurring in organic polymer matrices that the

scientific community upgraded their academic curiosity to attention and engagement.

From this threshold, the imprinting technique has been developed for a diverse range of templates,
including atoms, ions, simple molecules, macromolecules, viruses, micro-organisms and even
particles. To expand on the basic definition offered at the start of this introduction and shown in
Figure 1.1, a template structure is used to create a tailored receptor site which is formed during
polymerisation. The removal of the template molecule or structure leaves behind a cavity, capable
of some degree of subsequent rebinding or recognition of the template or its analogue [12-14].
Most notably from this expanded definition, which is graphically represented in Figure 1.3, the
affinity of the receptor site toward the template can be a cumulative effect from a number of
different molecular forces including non-covalent, covalent, electrostatic, Van der Waals or ionic
interactions not necessarily originating from the functional groups within the FM. Indeed, it has
been definitively shown by Spivak et al. that the binding mechanism of molecularly imprinted
receptors can be a cooperative effect of two, three or more finite molecules which together have the
capacity to distinguish between structural analogues of identical molecular weight, differing only in
shape [15].
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Figure 1.3: A schematic example of the formation of a multivalent imprinted receptor employing
several functionalities on the template together with those present in the other molecules within the
polymerisation solutions. These can include formation of receptor features using (A) covalent and
(B) semi-covalent bonds, (C) electrostatic forces, (D) van der Waals interactions or (E) co-

ordination with a metal centre via ligand exchange (denticity) (adapted from [12])

This rapid growth in popularity of MIPs is due to the aforementioned advantages they hold against
their biological counterparts. While they can offer comparable efficacy, reproducibility and
sensitivity, they also offer significantly greater tolerance to extreme temperatures and are cited to be
able to maintain their functionality having endured temperatures well above the typical
physiological or ambient temperatures required by biologically-based sensors [16], even going so
high as 150°C which significantly broadens MIP's potential scope of application as well as allowing
for ever more effective receptor cleaning, renewal or regeneration and sterilisation [17]. Tolerance
to extreme pH levels allows MIPs to operate in conditions optimised to maximise the signal of the
analyte, which is often outside of the biocompatible range, rather than to accommodate the receptor
itself [18]. The ability to function in organic and aqueous solvents also allows for a diverse number
of parallel applications [19, 20] as well as the ability to imprint a larger range of molecules with
greater ease further enhances the MIP's repertoire of talents [21]. Finally, the cost of manufacture
for MIPs is significantly cheaper than the biomolecular alternative and, while the ultimate cost can

often depend on the purchase or refinement price of the molecular template, the difference may be
8
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measured and compared using orders of magnitude. In addition to this low synthetic cost, MIPs are
highly dynamically stable and can be stored for several years without any observable loss in

receptor functionality [22].

Given the numerous advantages which are exhibited but MIPs as a technology, it is quite surprising
that industry has been so slow to commercialise these seemingly perfect artificial receptors. This
trend may be seen in the contrast between the number of published articles and the number of
patented items which incorporate molecular imprinting into their novelty (Figure 1.2). The reason
for this can be attributed to the general widespread inability to produce a class of MIP receptor with
proven performance in practical applications. Though the advantages are clear to see in laboratory
trials, MIPs have not demonstrated a sufficient competitive advantage over the existing state-of-the-
art of analytical chemistry or separation solutions currently on the market to inspire widespread
commercial adoption [23]. These issues are low receptor homogeneity [24], significant retardation
of receptor performance in aqueous media due to MIP hydrophobia [25] as well as the notable
absence of a universal protocol. On this final point, particular note should be taken of the
development of an automated synthesis system developed by Professor Sergey Piletsky's research
group which heralds a substantial advance towards the widespread ability to standardise the
synthetic procedure to produce a regulated and thus commercially viable product [26], a schematic

of this system can be seen in (Figure 1.4).
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Figure 1.4: A schematic of the automated synthesis MIP system developed by the Professor

Piletsky's laboratory [26]
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Despite of this progress, MIPs as a commercial venture remains in its infancy with the selection of
products currently on the market being related to solid phase extract (SPE). Not surprisingly, it can
be quite a challenge to find such speciality companies given that they are often small start-up
ventures coming from established academic laboratories. A brief list of some companies can be
seenin (Table 1.1).

Table 1.1: List of some MIP companies

Company Foundation Current
location Sample activities
name year status

Separation and extraction of

substances from food, On the
chemical and pharmaceutical market
products; Provides support to
‘SupelMIP' products currently

sold by Sigma Aldrich

MIP

Technologies Lund, Sweden

1999

North Brunswick,
New Jersey and
Ness Ziona,
Israel

The development of novel
targeted therapeutics for cancer
2001 patients and diagnosis for
systemic fungal infections;
development stage company

Development

Semorex Stage

Polymer company specialising
POLY ntell Rouen, France in SPE used for purification
2004 and sensing; 'AFFINIMIP'
product solution offered in
addition to existing range

On the
market

Pre-characterised micro
particles and, functionalised
core-shell particles for pre- On the
specified applications. Spin out market
company from the University
of Granada

NanoMyP Granada, Spain 2011

Development of nanoMIP
‘plastic antibodies' for point-of- Development
care diagnostics and in field Stage
based testing; Spin out
company from University of
Leicester research group

MIP
Diagnostics Leicester, UK
Ltd. 2015

10
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1.2. Molecular Imprinting Strategies

To continue to use Fischer's lock and key analogy, if the MIP receptor and the template are the lock
and key respectively, then the molecular or atomic interactions through which the polymerised
complex is formed and maintained can be described as the bits within the lock. The stronger and
closer the fit between the two components during synthesis, the more detailed and secure the
imprint will be. Just as there are a plethora of types of key for different scenarios and conditions, so

too are there numerous types of imprinting strategies in the literature.
1.2.1 Covalent imprinting

Molecular imprinting via covalent forces is one of the oldest formats used in artificial receptor
design. It involves the formation of a covalent bond between the template and functional monomer
molecule which is then secured in place via polymerisation with a co-polymer. The template may
then be removed via hydrolysis or a similar treatment to cleave the chemical bonds securing it to the

newly formed polymer to create the imprinted receptor.

In their ground breaking research, which incidentally was also the first report of molecular
imprinting using organic polymers, as detailed above, (Section 1.1.2), Wulff and Sarhan imprinted
D-glyceric acid [10,27] using molecules with polymerisable vinyl groups as well as boronic acid
and amine-based functionalities as the imprinting mechanism along with an additional monomer,
divinylbenzene (DVB), whose sole functional group consists of an aromatic ring and thus could be
used to crosslink the polymer in such a way as to physically secure the structure of the receptor site
while not affecting or disrupting the primary template-FM esters of the molecular imprint (Figure
1.5). This imprinted polymer was then used to demonstrate the selective capture of the template and
an analogue, thus proving the concept and viability of an entirely organic imprinted polymer. It is
noteworthy that this work and those following it during the 1980's used FMs that were generally
referred to as amino acid derivatives containing one or more polymerisable vinyl groups in their
structures [28, 29]. This process was a great advance from the inorganic MIPs of the prior decades
through the increase of accessible reaction sites on the augmented surface area of the 3-dimensional
macroporous polymer structure. However, the imprintable templates were still limited to those
moieties of the source amino acids. This led to them being referred to as 'Enzyme Analogues' rather
than the versatile 'Plastic Antibodies' (see section 1.3.2) which constitute the current state of the art.

11
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Figure 1.5: An example of a typical covalent imprinting protocol showing the imprinting of D-
glyceric acid using 2, 3-O-p-vinylphenylboronic and a derivative of p-vinylanilide for the selective

detection of D- and L-glyceric acid as reported by Wulff and Sarhan [10, 27].

One very notable advantage of the covalent imprinting approach is the durability of the template-
FM complex during polymerisation. The covalent bonds holding the primary complex together
means that imprinting can be executed with a greatly increased level of precision than the more
commonly employed non-covalent method, which invariably must incorporate a 'factor of safety' to
compensate for the disruption of template-FM complexes by competing solvent and co-monomer
interactions. Though the non-covalent imprinting strategy is now by far the most used method,
contemporary covalent imprinting is still used in order to produce a higher affinity receptor and a
more homogeneous population of binding sites whilst also minimising the number of non-specific
sites during the polymerisation process [30]. The price that must be paid for this high specificity
and affinity is an increased difficulty in the rebinding or removal of the template due to the strength
of the formed and reformed covalent bonds between the template and the FMs [31]. Regarding the

post-polymerisation removal on the template, recoveries can vary from 50% to 85 — 95%,
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depending on the type of polymer structure which is being cleaned. This range comes from the need
to break only the template-FM covalent bonds without compromising the structure of the receptor
and bulk polymer [32]. Though cleavage of boronic acid esters can be achieved using water or
alcohol, cleaning of covalently imprinted MIPs is often done with the use of concentrated acids or
bases [33, 34], high pressure, supercritical CO; can similarly be employed to increase the removal
rate, exploiting the fluid's inherent high diffusivity and low viscosity to permeate the polymer
matrix and extract the template with minimal damage to the structure [35]. FM's containing boronic
acid groups are highly suitable, and thus are the most commonly used, for covalent imprinting
events. Polymers containing boronic acid-based compounds were already in use as the stationary
phase in chromatographic separations thus making them easily purchasable and cost effective.
Though capable of forming robust and versatile connections with the template via formation of ester
bonds, boronic acid-based FM's do, however suffer from slow bond formation (tos 100 — 600 s in
water), obliging long incubation times to ensure ligand capture [32]. For this reason, it common to
pair a boronic acid functional group with a charged amine or piperidine group, either in an aqueous
buffer solution or incorporating it into the receptor (Figure 1.5) which allows bond reformation in a
matter of minutes. Nowadays, the majority of contemporary reports of covalently imprinted
polymers in the literature have used boronic acid based functional monomers, capable of bonding to
diols, polyols, saccharides, sialic and mandelic acid, such as (4-Vinylphenyl)boronic acid [36-39],
or (3-Acrylamidophenyl)boronic acid [40,41]. Several other functionalities including Schiff's bases,
ketals, esters and disulphides, all having polymerisable vinyl groups within their structure, have
been successfully used to covalently imprint aldehydes, amines, ketones and disulphides [32,42].
This work, having been principally though not exclusively carried out by the respective research
groups of Professors Gilnter Wulff and Kenneth Shea during the 1980's, detailed the use of the
bespoke functional monomers 1-(4-Vinylphenyl)methenamine [43,44], 4-Vinylbenzaldehyde
[28,29,45,46], 2-(4-ethenylphenyl)propane-1,3-diol [47-50], p-vinylbenzyl alcohol [51-53], and 4-
mercaptomethylstyrene [54,55] as FMs; The molecular structures of these covalent FMs can be
seen in Figure 1.6.

13
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Figure 1.6: Examples of some previously used functional monomers for covalent imprinting; a: 4-
Vinylphenyl)boronic acid, b: 3-(Acrylamido)phenylboronic acid, c: 1-(4-
Vinylphenyl)methenamine, d: 4-Vinylbenzaldehyde, e: p-vinylbenzyl alcohol, f. 4-

mercaptomethylstyrene

1.2.2 Semi-covalent imprinting

The semi-covalent approach to molecular imprinting is a manifestation of the effort made to meld
the advantages of both the covalent and non-covalent (Section 1.2.3) imprinting approaches whilst
excluding their respective failings and disadvantages. Semi-covalently imprinted polymers are those
MIPs which have been covalently imprinted but then have had the features involved in the covalent
complex replaced with non-covalent functionalities which are still advantageously placed to capture
the target molecule. This switch of binding mechanism allows for the high receptor uniformity of
covalent MIPs to be combined with the versatility of use and application of non-covalent MIPs,
namely that the rebinding event is not contingent on any kinetic parameters other than diffusion
[56].

Though the origins of the semi-covalent technique can be attributed to, as with so much of the field,
Gunter Wulff in the 1970's [10,27], the first use of the most commonly used 'sacrificial spacer’
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method was reported by Whitcombe et al in 1995 [57], in which a 4-vinylphenyl carbonate ester
was used to covalently imprint cholesterol. Upon removal of the template via hydrolytic cleavage of
said ester, the remaining oxygen molecule was protonated to create carbonyl functional group,
capable of forming dipole and hydrogen bonds with cholesterol (Figure 1.7). The work reported
‘remarkable uniformity' in the receptor population with respect to binding affinity and noted the
applicability of the technique to the imprinting of smaller sized molecules with a lack of functional
groups or with an otherwise poor capacity to form durable pre-polymerisation complexes via a

purely non-covalent approach.
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Figure 1.7: Schematic of (a) covalent imprinting and non-covalent rebinding of cholesterol using 4-
vinylphenyl carbonate ester and carbonyl functionality respectively; (b) post-polymerisation
modification the carbonyl in the receptor to facilitate subsequent covalent binding of cholesterol as
reported by Whitcombe et al. [57]

Following this ground breaking work, the reported pre-polymerisation complexation mechanisms
used have greatly diversified with the easy replacement of the covalent functionality with a dipole
being the principal condition. The two principal methods of semi-covalent imprinting are either to
directly bind the template to the functional monomer via various, though most commonly
carboxylic esters [30, 58, 59] (Figure 1.8), or to employ the use one of a diverse number sacrificial
spacers, though most often a carbonate functionality [60]. The former may provide an arguably
more direct adhesion to the morphology of the template though this close adhesion may also lead to
crowding and steric hindrance within the receptor thus negatively affecting its binding behaviour

and capacity.
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Figure 1.8: An example of semi covalent imprinting via direct linkage of the functional monomer to

the template using carboxylic and amide esters [30]

Sacrificial spacers can also act as a buffer bond between the template and the base of the functional
monomer group. This is to say that a diverse number of functional groups and bonds may be
employed and optimised for the synthesis process both for binding with the template functionality
and in anticipation for the most efficient or the most desired dipole. Five of the most commonly
referenced sacrificial spacers are described in Table 1.2.
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Table 1.2: Description and application of some commonly used sacrificial spacers and their uses in

binding the template molecule 'T' to the functional monomer 'FM'

Sacrificial Schematic Description of use References
Spacer representation
functionality
Carbonate One of the most commonly used spacers; [60-63]
ester 0 generally a carbonyl group is placed between
a polymerisable phenol group and an alcohol
m functionality on the template structure
Carbamate o Used to introduce hydroxyl or amine groups [64-66]

Hjc“n)L.;. @ into receptor

Urea Introduces an amine group into receptor; can [67]
also weakly hydrogen-bond to aromatic

@J\/@ chlorine

Salicylamide @ @ Useful for imprinting amine-based templates [59,67]

Silyl ether Useful strategy to imprint molecules which ~ [35,68,69]
may not otherwise be imprinted by
_ (non)covalent techniques due to weak
@@ hydrogen bond formation or due to not being
He O capable of forming labile covalent bonds

1.2.3 Non-covalent imprinting

Inspired by the diverse range of non-covalent interactions found in biochemistry, this third and final

imprinting approach is by far the most widely used and referenced in the literature. This is because

of the ease with which it can be performed in a non-specialised laboratory and also, as is the case

with the semi-covalent imprinting approach (Section 1.2.2), the facile and versatile manner in which

these MIPs can be used and implemented thanks to their ability to rapidly re-bind or re-dock their

template molecule in non-specialised solutions. As with much of the field of molecular imprinting,
18
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this strategy too originated out of the Mosbach laboratory in the 1980's [70-72]; given the high
accessibility of this technique, its dissemination and use within the scientific community was one of
the main factors causing the exponential growth in publications seen over the past twenty years
(Figure 1.2). The umbrella term of 'non-covalent imprinting' can be applied to a wide range on

interactions and bond types all of which may be included within its definition (Table 1.3).
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Table 1.3: The various bond types and interactions which are employed in the non-covalent

imprinting processes

Type of Approximate
Interaction Model Example Binding energy
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The popularity of the non-covalent imprinting approach comes from the lower bond energies
exhibited by the bond types employed which allow for the rapid and more efficient post-

polymerisation removal of the template which increases the user-friendly nature of this technique.
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However, this approach is uniquely vulnerable to binding site heterogeneity which occurs when
ideal template-functional monomer complexes are broken or compromised due to interference and
competitive binding from the solvent or cross-linking monomer. Equally, this interference can come
from the substantial increase in thermal energy often introduced into the solution during the
polymerisation process with thermal polymerisation being the most common energy source to the
polymerisation process employed. This vulnerability leads to a variety of receptor types ranging
from high to low affinity (Figure 1.9). Strategies to maximise receptor homogeneity are discussed in

greater detail in a later section (see Section 1.5).

Specific interactions of increasing
affinity (clockwise) using sites formed
from template-monomer
complexation during polymerisation

False positive; non specific
interaction: Solvent-mediated
disruption of dimerisation results
in exposed functional groups

Idea control/NIP: complete
dimerisation of functional
monomers and no reactive sites

Ideal imprint scenario:
maximum imprint efficiency
I with fully dimerised control

Figure 1.9: The range of receptor site affinities which occur within a standard non-covalently

imprinted polymer

Though methacrylic acid (MAA) is far and away the most used and reported FM due to its
versatility, low cost, stability and ease of use, it is highly important and advantageous to match the
most suitable FM to the template so as to maximise the performance of the resulting MIP. While
this may be quite obvious at times, such as selecting a an aromatic or anionic group to imprint a
cation [73], the selection process becomes a great deal more nuanced when selecting a functional
group to produce a complex with maximum affinity, and thus maximum probability to endure the

polymerisation process, and produce a robust receptor cavity. When matching an FM to the
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template, the chemical nature of the template should be considered, an acidic functional monomer
for an alkaloid template molecule might perform superiorly for example or a basic FM for a
template containing acidic moieties and so on. Some of the more commonly used and referenced
functional monomers are given below, grouped into acidic (Figure 1.10), basic (Figure 1.11) and

neutral (Figure 1.12) functionalities.

O
0 0O HaC @
/ﬁ/< >
H2C OH HO CH2 H2C OH
Acrylic acid Itaconic acid Methacrylic acid
F
F
H F OH
—/_ P—OH
7N
0 HaC OH
Ethylene glycol methacrylate phosphate Trifluoro methacrylaic acid

Figure 1.10: Commonly used functional monomers containing acidic functional groups

2-Vinylpyridine 4 Vinylpyride 1-Vinylimidazole
(U\ /Ej\ )J\ ; 2/: CH3
CHly CH; CH3
N, O-bismethacryloyl ethanolamine 2-Hexyethy| methacrylate

Figure 1.11: Commonly used functional monomers containing basic functional groups
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Figure 1.12: Commonly used functional monomers containing neutral functional groups

Though this method for FM selection can be used as a good starting point in polymer design, it is
extremely rudimentary and should not be thought of as an infallible qualifier but rather an answer to
the often repeated advice of ‘when in doubt, use MAA'. The locations of functional groups both on
the monomer and within the template's structure also contribute not only to the strength of the
primary bond but also the cumulative effect that interactions between multiple functional groups
will have on the overall receptor-template affinity. A good example of this can be seen in DNA
sequences whereby the cytosine-guanine base-pair forms a stronger complex than thymine-adenine
due to the former's ability to form three, albeit longer, hydrogen bonds as opposed to the latter's two
shorter bonds with each of the bases only being able to bind with their complementary pair [74].

This concept is discussed further below (see Section 1.7).

1.3 Polymerisation formats

While a polymer chain itself is simplicity incarnate, the final forms it can take are diverse and are
applied to a wide range of areas and applications. It cannot be stressed enough that one must
consider the ultimate objective or purpose of the polymer before selecting the polymerisation
format for the molecular imprint. There are a number of requirements regarding template solubility,
component miscibility and interference that are discussed in a following section (Section 1.5); Table
1.4 shows the advantages, disadvantages and principal area of application for each polymerisation
format. These diverse formats all form in identical cumulative fashions whereby progressive stages

of chain growth and collapse form polymer nuclei before precipitating into the solution to form

23



Design and development of molecularly imprinted polymers and imprinted sensors

particles. Depending on solvent type and quantity, thermodynamic properties of the solute,
polymerisation type, polymerisation rate and initiation method, particle growth can continue in free
solution or a polymer solid is formed (Figure 1.13 a). It is also possible to attach polymer chains to
functionalised surfaces to form shells, discrete nanoparticles or layers (Section 1.3.2 &1.3.3; Figure

1.13 b). What follows is a brief description of each of these main imprinted polymer formats.
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Table 1.4: Applications, advantages and disadvantages of each of the main MIP formats

Polymer Main
format Application
Ground

Monolith
particles

Precipitation

Materials for
chromatography
& assays

Suspension
polymerisation

Emulsion
polymerisation

Solid-phase
synthesised
nanoparticles

Core-shell/ &
multi-step
swelling
polymerisation

Chromatography,
assays & Sensors

Particles in Thin layer
thin polymer  chromatography
layers & sensors

Electro- &
Thin polymer ~ Chemo-sensor
films, layers & surfaces and
membranes selective
membranes

Advantage

Most straight forward
polymer formulation &
versatile

Generally spherical
particles; relatively
homogeneous size
distribution; Most straight
forward polymer particle
formulation; no stabiliser
(surfactant) needed

Particle size can be
controlled by synthesis
parameters; water-
compatible process

Better heat control of
process; water-compatible
process

‘Soluble' particles suitable
for in vitro applications.
Affinity separation isolates
the best-formed receptors,
leading to the highest
specificity and sensitivity of
contemporary MIP formats

Particle size can be
controlled; large sizes can be
obtained — results in highly
uniform material suitable as
a column packing media

Separation of particle and
layer synthesis gives more
leeway for facile
optimisation; sub-frit sized
particles can be used & the
size effect is minimised

Highly suitable for specific
sensor applications; greatest
level of interface between
transducer & MIP;
Individual properties can be
tuned accordingly

Disadvantage

Requires high template

solubility; Results in highly
irregular particles; poor mass

transfer properties

Final particle size highly
dependent on component
thermodynamics; The need
to thermodynamically

facilitate precipitation limits

monomer-porogen
compatibility

Requires integrated
mechanical mixing for
suspension & stabilizing
agents

Requires emulsifying
surfactant for synthesis

Low capacity & yield

Time consuming multiple
step process to grow
particles to size; a stabilizer
is often necessary

Separation of synthesis steps
increases inter-device
irregularly

Poor control of layer
thickness; susceptible to the
‘gate effect’
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1.3.1Bulk form polymers

Bulk imprinted polymers are perhaps one of the most widely used formats for MIPs due to its rapid
protocol and low-tech requirements with respect to laboratory equipment. The most common
method of post-polymerisation processing this MIP format is to break and grind the polymer 'brick’
into micron-sized monoliths with a size range controlled by the mesh size of the sieves used isolate
the usable particles from the fines. This size range is typically from 5 — 50 um between the upper
and lower size limit, which are generally approximately 100 and 20 um respectively. This size
range can be tuned with respect to the final application which is most often the stationary phase of
conventional and capillary columns for liquid and electrochemical chromatography, thin layer

chromatography (TLC) plates and solid phase extraction (SPE) cartridges [75-77].

The latter use of SPE, similar to the use of narrowly sized MIPs for imprinted sorbent assays, are
particularly popular due to their circumvention of the chromatographic limitations associated with
bulk form MIPs. These are peak broadness asymmetry brought about by the inherent poor mass
transfer properties and receptor heterogeneity of bulk form MIPs. The use of MIPs for SPE also
allows for larger scale batch applications consisting of many parallel binding events and processes
[78, 79].

Even with the apparent simplicity of bulk imprinting, there are still some inherent attenuating
factors to the efficacy of this polymer format; the most immediately obvious of these being the low
usable yield which can be collected within the size desired range. This is due to the unavoidable
production of under-sized fine particles during the grinding process which then must be discarded.
While these fines may be somewhat limited with the use of the manual mortar and pestle method of
breaking down the polymer brick, this labour intensive method is, more often than not, skipped over
for an automated method where possible, leading to an average yield of 20% w/w useful particles
per synthesis [80]. The creation of a hard, brittle polymer brick occurs as a consequence of the need
for a high level of chemical crosslinking within the individual polymer chains to support and
strengthen the imprinted receptor sites within the MIP structure (see Section 1.5 & Figure 1.28). In
addition to this low yield, the material stress which is induced by the mechanical grinding process
can also negatively affect the integrity of the imprinted receptors within the MIP by the physical
alteration, damage or reorientation of receptor components while also producing irregularly shaped
particles which can reduce the packing efficiency when they are placed into the column or cartridge
[81]. The requirement to break the polymer into monolith particles is also obliged due to majority of

the receptors being located deep within the pore structure of the MIP and also to limit the amount of
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permeation inhibition (retardation of mass transport and diffusion) due to non-specific, lower
affinity interactions and sorption in shallower recesses of the pore structure, a phenomenon referred
to as the gate effect [82, 83]. Additionally, the closed nature of the pore structure, even after
breakage into monolith particles, can retain template molecules even after aggressive washing
protocols. This 'bleeding' effect leads to inaccurate results, false positives and a reduction in the
apparent number of receptor binding sites (Bmax), especially at low concentrations; the very range
where MIPs should be most efficient and effective [17,84].

While improved accessibility to these receptor sites can be facilitated with the use of a non-reactive
linear polymer to increase pore depth and connectivity throughout the polymer structure [85, 86],
additional disadvantages remain. The inadequate dispersal of heat during radical polymerisation,
caused by the autoacceleration phenomenon, also serves as a barrier to the use of this imprinting

technique on industrial scales and relegates the format to analytical laboratory quantities.

A major step forward in the state-of-the-art for bulk form MIPs can be seen in the work of Dr José
Vilarifio and his research team at the University of Corufia in the north of Spain whereby the
advantageous simplicity and high Bnax of MIPs are exploited while the aforementioned negative
factors stemming from mechanical grinding are removed. The crux of their method is the formation
of highly porous polymer structures, a few millimetres in size (Figure 1.14), described as MIP
'disks' or 'pills’. While the use of linear polymers creates a permeable surface and access to the
receptor sites therein, removing the need to mechanically break the polymer, thus leaving receptor
morphology intact and undamaged, the distribution of the polymerisation process across several
individual moulds also minimises autoacceleration-associated in-situ temperature increases. These
MIP-pills have been tested on several systems including detection of Bisphenol A in aqueous

solutions [87], cannabinoids in urine and saliva [88, 89] and plastic additives in olive oil [90].
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Figure 1.14: Sample of MIP-pastilles as described in [87-90]

1.3.2 Polymer particles and polymer resins

Polymer microparticles or resins are essentially condensates of a polymerised solution of monomers
at low concentration, approximately 5 — 10%. A practical minimum of 2% monomer concentration
must be present in a solution in order to allow the growing linear oligomer chains to interpenetrate
with each other, chemically crosslink (Section 1.5.4) and precipitate into the solution [91]. As they
are formed in the presence of a non-reactive porogenic solvent, they have a structure of micropores
which may be up to 2 nm in size, as dictated by oligomer-solvent miscibility and compatibility [92].
Rather counter intuitively, these particles are actually classed as 'macroporous’ structures due to a
definition originally defined in the 1970's which states that this classification includes all polymers

to have permanent pore structures greater than 50 A in size [93].

Their shapes, dictated by thermodynamic forces rather than mechanical grinding, are invariably
more homogeneous than their bulk-polymer counterparts. However, the lack of larger second or
third family pore structures (Figure 1.13) greatly reduces their accessible surface area, which can
reduce their column efficiency, while maintaining the binding site heterogeneity (see Section 1.2.3)
synonymous with all MIP syntheses except for next generation 'nano-MIPs' where receptor affinity

separations can be conducted [94].

In parallel to the single-receptor nano-MIP particles which, by definition are minute, A progression

of MIP particle synthesis protocols have been developed with the general trend toward larger and
29



Design and development of molecularly imprinted polymers and imprinted sensors

more uniform particle sizes, first with the tuning of binary organic porogen mixtures to delay the
theta point (Section1.5.1), then with organic-inorganic porogen mixtures in the form of suspension
and emulsion polymerisations. Simultaneously, cores or seeds with functionalised surfaces have
been optimised to provide scaffold structures onto which the MIP layers can be anchored (Figure
1.13 h).

Precipitation Polymerisation

Precipitation polymerisation is essentially an identical procedure to bulk polymerisation at a
concentration one order of magnitude lower (Figure 1.13 a). Integrated mechanical stirring is also
generally used though this can be a source of particle size heterogeneity due to the turbulence this
internal movement can introduce. The effect can be minimised with the use of an external
movement, such as that provided by a rotovap or kugelrohr, which maintains a laminar motion
within the solution itself [95]. The most immediately notable aspect of precipitated MIP particles
relative to their NIP controls is the, at times, substantial size difference that can manifest between
them [96]. It is interesting that the effect of template solubility on the thermodynamics of the
polymerisation process is often just viewed as a curiosity given that the enhanced recognition ability
of a MIP towards its imprint was originally described an effect caused by additives, the template
molecule, to the polymerisation mixture (Section 1.1.2).

In one very interesting case, Castell and co-workers compensated for the size increase observed in
the MIP by modifying the proportions of the binary porogen used. The solubility of the molecular
template, propranolol, caused a size decrease in the MIP due to its low solubility in the porogenic
solvent, acetonitrile-toluene. In order to reduce this size difference, the proportion of
thermodynamically 'good' solvent (see Section 1.5.1) toluene, was reduced from 17.5 to 10% of the
total solvent content. The particle sizes resulting from a thermally mediated polymerisation process
were 3.6 and 3.9 um for the MIP and NIP respectively [97]. It is, however, risky to introduce any
additional variability between the MIP and its control for the obvious reason of decreased
comparability. Variation of the polymerisation rate via careful selection of the initiator is a much
more secure method by which to match MIPs with comparable NIPs when using such simplistic
polymerisation protocols (Section 1.5.4).
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Suspension Polymerisation

Particle synthesis via suspension polymerisation allows for the largest, most uniform particles of all
the imprinting protocols discussed here. The formed particles are essentially bulk-form polymer
‘bricks', containing an identical pore structure, whose size and shape have been limited by
prefabricated polymerisation vessels. A typical synthesis, shown in Figure 1.15, is carried out in a
continuous phase which may be either aqueous or organic. The polymerisable phase is immiscible
with the continuous phase and is mechanically dispersed throughout the continuous phase at which
point a stabiliser is added and the polymerisation process takes place. Capable of producing particle
sizes between 3 and 50 pm, the final size of the particles is dictated by the size of the globules
formed which are 'suspended' in place using the stabilising surfactant. These globules or droplets
become in situ polymerisation vessels and achieve their uniform shape via the dispersion forces
within the bi-phasic solution. It is the propensity of the two phases to their entropic minima that
obliges the additional use of a stabilising agent which can sometimes be a source of contamination
if the polymer is inadequately washed. In addition to achieving large MIP particle sizes, the NIP can
be grown to an identical degree by controlling droplet size rather than modifying the porogen as

was discussed above [98,99].
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Figure 1.15: A generic polymerisation protocol executed in suspension

A notable synthesis using an aqueous continuous phase was reported by Lai et al who
communicated a successful imprinting event using 4-aminopyridine, MAA, EGDMA, AIBN and
chloroform as template, FM, crosslinker, initiator and porogen respectively. This solution was

added drop-wise directly into an aqueous solution containing polyvinyl alcohol as a stabilising
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agent. Control of the mass flow rate, through the regulation of drop-rate ensured a homogeneous
distribution of the organic phase within the droplets. Under constant stirring at 600RPM, the
particles were polymerised at 60°C for 24 hours. The resulting MIP and NIP were of sufficient size,

8 — 25 um, to be packed into a HPLC column for characterisation [100].

Core-shell Polymerisation

Core-shell polymerisation can be further divided into two subcategories, seed and grafting
approaches. The former refers to the use of a scaffold, often but not always a polystyrene particle,
which can then be swollen in a suitable solvent to provide further surface area. Exposed terminal
double bonds on the surface of these particles can then anchor the growing imprinted polymer
chains to the surface of the particle, thus forming an imprinted polymer layer [101,102]. The latter
approach, the grafting method, uses non-polymer cores which must have their surfaces modified
with a functional group immediately prior to their use. An example of both of these approaches can

be seen in Figure 1.16.
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Figure 1.16: Schematic of the seed and grafting methods of core-shell molecular imprinting using
surface-modified silica particles (A) and DVB polymer (B) [103]

While the use of a polymer core of the same composition as the shell is a more facile process, the
use of an inorganic silica core can introduce a highly defined prefabricated pore structure without
the need to further optimize the polymerisation process. The immobilisation of an iniferter on the
core surface is also highly advantageous as the use of living polymerisation (see section 1.4.2)
allows for the highest control over polymer growth, layer or shell thickness and the gate effect
[38,83].

The solid core can be used to support the imprinted receptors, thus removing the need to maximise
chemical cross-linkages using elevated polymerisation temperatures (see section 1.4.2). This allows
large column-compatible particles to be produced and imprinted with thermally-sensitive or
biological template molecules while isolating receptors to the accessible surface of the particles
only [104,105]. A final noteworthy point for this imprinting technique is the ability to introduce
additional functionalities into the particles via the core to increase the versatility and range of

applications for these particles. Multifunctional MIP assays and sensors have been reported in the
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literature, incorporating quantum dot [105], gold [106], carbon power [107], carbon nanotubes
[108,109] or magnetic nanoparticles [110].

Emulsion Polymerisation

One of the most common requests on chemistry message boards regarding MIP synthesis methods
is to clearly define where emulsion and suspension polymerisation techniques differ. One of the
most common errors in answering this is to conflate superficial similarities, such as that both are bi-
phasic systems of immiscible solvents, with an interchangeability of the two procedures. The two
phases of the reaction mixtures are an aqueous continuous phase and an organic mixture of
monomer and crosslinker. Polymer emulsions differ distinctly from all of the other techniques
discussed because of the location of the polymerisation initiator molecule in the aqueous phase. The
use of a hydrophilic initiator to polymerise organic monomers completely negates the potential for
temperature increases related to autoaccelleration (see section 1.5.1) and thus allows for a constant
temperature to be maintained which might otherwise decrease laboratory safety or, even worse,
negatively affect the polymer structure and the imprinted receptors. A surfactant or stabiliser must
be used to stabilise the emulsion ahead of polymerisation. Sizes are nanoscopic and typically in the
range of 50 to 500 nm which can be regulated using sonication or elevated pressure homogenisation
treatments [111-113].

A key criticism towards this imprinting protocol is always the potential for post-polymerisation
contamination of the MIP particles by the molecular surfactant employed in the stabilisation of the
pre-polymerisation emulsion. A solution to this issue was offered by the use of nanoparticles (NP),
often silica, to form a Pickering emulsion (Figure 1.17). This is an emulsion stabilised by NP rather
than a conventional molecular surfactant to facilitate increased particle sizes. The larger NP are also
easier to separate from the MIP particles, relative to molecular surfactants. From this point, it is a
small additional step to attach the template molecule to these emulsion-stabilising nanoparticles in
order to easily remove and reuse the template in future imprinting procedures while also localising

all the formation of receptors to easily accessible parts of the surface of the MIP.

The size range of these NP-stabilised emulsified droplets, however, is typically two to three orders
of magnitude larger than the droplets stabilised with a molecular-surfactant [114-116]. Additional
surfactants are sometimes also used when a low solubility template destabilises the emulsion to

otherwise produce heterogeneous distributions [113].
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Solid-Phase Polymerisation

Solid-phase imprinting protocols are yet another enhancement and improvement on previous
techniques with a very small albeit very important, distinction. The silica particles used to
immobilise the template are micron sized and thus remain as a distinct phase in the solution. This
allows for affinity separations to be executed on the MIP with respect to their receptor affinity

(Bmax) and thus a more homogeneous, controllable product can be isolated.

Solid phase synthesis has its roots in the 1950's in the field of peptide synthesis and earned Bruce
Merrifield the Nobel prize for Chemistry in 1984 [117], whose goal was to localise the
polymerisation of amino acids to the surface of a solid-phase in order to have greater control over
the process. It can be immediately obvious just how compatible such a technique would be to an
artificial polymer which seeks to mimic natural receptors such as those present in (poly)-peptides. A
typical procedure, shown in Figure 1.18, consists of the mixing all the components together with the

silica-immobilised template molecule, followed by an extremely short polymerisation period, often
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as short as 100 to 200 seconds exposure to the energy source. This short polymerisation period
secures the template-FM conformation in place but does not allow the polymer chains to progress
past the initial nucleus stage (Figure 1.13), thus leaving the imprinted polymer nanoparticle (MIP-
NP) dissolved in solution and greatly more analogous to the existing biological assays which these
MIP-NPs seek to complete against. The solid-phase can then be washed to remove unreacted
monomer species and low affinity MIP-NPs. Having already separated the best formed, highest
quality MIP receptors still attached to the solid-phase, these can be isolated and concentrated ahead
of their characterisation and use. The ability to perform concentrating procedures additionally
allows for the synthesis of the MIP-NPs to be conducted as extremely low template concentrations
thus allowing for the direct imprinting of low solubility templates, such as melamine as is shown in
Figure 1.18 below. This concentrating step, followed by the affinity separation of the receptors, also
allows for receptors based on hydrogen-bonded template-FM complexes to be synthesised directly
in water or aqueous buffer as any low affinity receptors below the affinity threshold can be washed
away though. Naturally, this can reduce the yield of the MIP-NPs [26,118-120].
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Figure 1.18: Schematic representation of the solid phase synthesis and affinity separation method
for MIP-NPs [26]
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1.3.3 Films, layers and membranes

Films and membranes differ in that membranes are generally free standing and thus must have
enough structural rigidity to support their own weight and the stresses of the analyte moving
through it. MIP films or layers, on the other hand, are deposited on a functionalised surface which
serves as a signal transducer, a structural support or both. NIP layers can also immobilise MIP
particles or gels, sometimes providing the structural support to hold the form of the receptor that
would otherwise be secured by high levels of chemical cross-linkages between the polymer chains
surrounding the receptor site. These layers or structures can be formed on a surface within a voltage
gradient using electoactive monomers, by using surface functionalization in pre-treatments identical
to those employed in core-shell synthesis, or else by the use of a non-interacting set of surfaces to

form a moulded free-standing polymer membrane.

In situ electropolymerisation

Polymerisation of electroactive monomers can be induced by the application of a sufficient voltage
potential. The electropolymer formed this way can be either conducting, such as polyphenylene and
polypyrrole, or insulating, such as polyphenol or polyenylenediamine. For imprinted
electropolymers, an FM is required with both an electropolymerisable moiety and an appropriate
functional group (Figure 1.19) [121,122]. As the voltage flows toward the surface of the sensor, an
extremely uniform coverage and layer thickness can be achieved by the immediate termination of
the reaction via the removal of the voltage gradient when the desired polymerisation level has been
reach. The magnitude of the voltage gradient also allows for the control of the polymerisation rate
and thus the pore structure. Because of this, electropolymerisation, besides the obvious application
to electrochemical sensors, is also used to create homogeneous imprinted layers for piezoelectric
analyte detection (QCM) [123-125]. The popularity of sensing techniques, other than the most
intuitive electrochemical one stems from the frequent need to dope electropolymers with an ionic
species in order to achieve optimal degrees of electrical conductivity in the polymer layer, which, of
course can have additional negative effects on the capture and retention of the target analyte in the
imprinted receptor [121]. Additionally, as the reaction is mediated by electrical potential, no
addition radical initiator molecule is required. Imprinted electropolymer films have been used in
several forms and applications using voltammetry [126], including EIS [127] and amperometry
[128].

37



Design and development of molecularly imprinted polymers and imprinted sensors

One of the most interesting investigations into imprinted electropolymers was reported by the
research group of Professor Piletsky within this last decade. In which a novel dual-function
monomer is developed and used in an imprinted sensor. This monomer, N-phenylethylene diamine
methacrylamide (NPEDMA) shown in Figure 1.19, contains both a electropolymerisable aniline
moiety, as well as a terminal double bond which may be polymerised via more conventional radical
addition polymerisation methods. The combination of these two polymerisable groups in one
molecule allows for the creation of highly efficient and rapid voltammetric sensors which are less
susceptible to resistivity or capacitance by the creation of an initial electropolymerised layer of
densely packed pendant methacrylamide double bonds, facilitating a greatly reduced polymerisation
time and layer thickness required to form an imprinted layer. This imprinted nano-layer lead to

imprinted voltammetric sensors extending their LOD as low as 29 nM [127,129-132].
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Figure 1.19: Molecular structure of some electropolymerisable functional monomers used in the
literature for the creation of imprinted sensors using terthiophene (1 - 3) and carbazole (4 & 5)
moieties; NPEDMA, as used in the creation of MIP nano-layers for ultrasensitive imprinted

voltammetric sensors, incorporating an electro- and radical- polymerisable moieties (6) [121,130]
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Grafting approaches

Imprinted polymer layers can be immobilised on sensor surfaces by first adding polymerisable
groups to the surface through one of many pre-treatments. These pre-treatments are identical to
those used in core-shell MIP particle technique discussed above. Suitable functional groups include
carboxylic groups depositing though prolonged acid treatment [109], salinisation (Si-OH) [133] or
coating with Indium tin oxide [134], which can then connect with growing polymer radical species
via the appropriate coupling reaction. Layer thicknesses are most often kept below 500 nm due to
the cumulative gate effect whereby it becomes increasingly difficult for even the template molecule
to access the receptor due to non-specific dipole and van der Waals interactions of the polymer
support [111]. Because of this need to minimise layer thickness, several other protocols report
directly immobilising an iniferter species on the surface of the sensor so that living polymerisation
(see section 1.4) can be carried out and control final chain weight and layer thickness
[103,135,136].

Imprinted Moulded Membranes

The use of a mould to regulate and limit polymer thickness is an elegant solution to the previously
discussed issues relating to bulk imprinting whereby a solid brick must be broken into irregular
monoliths ahead of its use. To guarantee an effective fluid through-flow, interconnected pore
structures are created during polymerisation by the inclusion of a non-reactive linear polymer, such
as polyethylene glycol. This enhanced porosity makes such membranes ideal for thin layer
chromatography (TLC) while the 'mould' or scaffold can be as simple as two glass slides placed
together [137]. Additional functionalities, such as fluorescent dyes, can also be incorporated into the
membrane as a sensing mechanism [138]. With the need to incorporate some strength and rigidity
into the membrane structure while also providing a sufficient cross-section to achieve practical

results, the thickness of these membrane layers can be as thick as 1 mm [82,139-141].

MIPs in host polymer layer

The final method of imprinting to be discussed is the creation of an ‘imprinted' layer via the

immobilisation of already-imprinted materials within a non-imprinted polymer layer. This
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technique immediately has a notable advantage in that the imprinting and deposition events are
separated, thus increasing its versatility, especially in the scenario that the conditions for the
imprinting and layer deposition processes cannot be reconciled. This might be due to such issues as
required polymerisation conditions or template solubility. This method also allows for structurally
weak imprinted polymers, which could not support a receptor in free solution, to be used when
supported by the underlying sensor surface. In recent years, MIP-NPs have been immobilised in this
way in an attempt to increase low concentration detection of targeted molecular species as was done
by Kamra et al using an epoxy-silane layer to immobilise the MIP-NPs [133]. Agarose gel has also

been used to immobilise older generations of MIP microparticles to a sensor surface [142].

Finally, imprinted receptor sites have been created using the polymerisation of various
combinations of melamine, chloranil and aminonenzoic acid. This process, conducted under reflux
at 160°C, forms a linear polymer, devoid of any receptor-supporting crosslinks. This renders the
receptor unusable in the absence of a solid structural support. The imprinted receptor is, however,
electroactivated thus making it highly attractive as a modifier for electrochemical sensors for which
the receptors can be switched on and off to allow for easy sensor regeneration. The development
team devised the use of a conductive sol-gel matrix to act simultaneously as the MIP support and
transducer, producing an efficient voltammetric sensor used to detect trace levels of uric acid [143],
barbituric acid [144] and creatine [145].

1.4 Polymerisation mechanism

The mechanism by which polymerisation occurs and how the reaction is initiated and maintained
impacts the properties of the polymer greatly. There are two broad categories in this respect;
condensation and addition polymerisation. Condensation polymerisation, also known as step growth
polymerisation, implies chain growth via the condensing of the monomer, losing some part of its
structure as it is incorporated into the polymer chain. Addition polymerisation requires the addition
of an external molecule to initiate and propagate the reaction and incorporates the entire monomer

structure into the polymer chain. A brief explanatory discussion follows.
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1.4.1 Condensation polymerisation

Perhaps the most well-known condensation polymer reaction is that of nucleic acid chains in the
formation of nucleic acids and polypeptides with the latter forming the biological receptors which
MIPs seek to mimic. Imprinted sol-gel layers are formed from the condensation of monomeric
silane molecules. With the polymerisation rate being moderated using the pH of the solution which
balances the proportion of hydrolysis and condensation reactions occurring (Figure 1.20). At low
pH, the rate of silane hydrolysis is slow while condensation is fast so that growth is favoured over
crosslinking, resulting in high molecular weight polymer chains. At high pH, conversely, hydrolysis
out paces condensation thus leading to short-length, highly cross-linked chains which tend to form
heterogeneous aggregates in the solution. Because sol-gels are mostly imprinted on supports in the
form of a layer, high levels of crosslinks are not needed for structural support [146,147]. The
reaction rate can be additionally slowed and controlled by adding drying chemical control additives
(DCCA) such as DMF, THF or formamide. Direct imprinting into a sol-based polymer is typically
limited to ion imprinting, due to the underlying requirement for an aqueous continuous phase
additional salts makes such polymerisation impractical for the formation of any complexes based on

hydrogen- or dipole-dipole bonds [148].
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Figure 1.20: Schematic representation of the sol-gel hydrolysis and condensation mechanisms [146]
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1.4.2 Addition polymerisation

Radical addition polymerisation is the most widely used polymerisation method for MIP synthesis
due to its simplicity and versatility. It can, in turn be subdivided via the means of by which the
reaction is initiated. The most commonly used initiating energy source is thermal and UV, though
several other electromagnetic wavelengths can also be employed to modify the polymer properties
including visible, mid-IR and ionising photons. The use of X- and gamma-rays and even electron
beams allow for the inducement of the polymerisation reaction in the absence of molecular initiators
or catalysts as well as tighter control over surface properties and degree of crosslinking by
supplying a continuous, controlled quantity of radicals to the reaction until the desired structural
properties are achieved [149,150]. Additionally, REDOX catalysts such as hydrogen peroxide,
hydroxides of potassium, calcium or sodium, or pyridine can also be used when the template

contains or is a radical scavenging functionality [151,152].

REDOX polymerisation can also be induced in certain monomers via the application of electrical
potential. The use of this technique for molecular imprinting is somewhat attenuated due to the
necessity of in-house synthesis of the FMs required for the imprinting process [121]. What follows
is a brief description of these techniques, principally divided into the free radical chain

polymerisation method and the electrochemically mediated REDOX method.

Free radical chain polymerisation

Terminal or free radical polymerisation consists of 3 steps: initiation, propagation and termination.
Firstly, the radical initiator or catalyst must first be activated with the application of an energy

source, such as is depicted in (Figure 1.21).
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Figure 1.21: Decomposition of the commonly used radical initiator Azobisisobutyronitrile (AIBN)

to form radicals, usable in a chain polymerisation
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The polymerisation process involves the placement of a radicalised initiator fragments into contact
with the monomers in the solution which then can accept the radical via its the vinyl groups which
then combine together to form a growing oligomer chain. These chains, as their weights increase,
have an increasing probability of combining with another oligomer chain rather than a single
monomer thus leading to the unification of two radicals and the termination of the reaction (Figure
1.22). This random addition of various chain lengths results in a divergent reaction with

thermodynamic equilibrium forces dictating ultimate polymer weight and particle size.

The structural properties of the polymer are determined by the rate of chain formation. Low, slow
rates favouring long physically cross-linked (tangled and finite) chains which produce a soft
polymer with low surface area, unable to support an imprinted receptor site and liable to solvent-
related swelling which can open up cavities and pores within the structure otherwise known as
'solvent porosity' which can cause template bleeding and osmotic shock to the polymer [153]. High,
fast rates of polymerisation form a rigid, brittle polymer containing shorter, chemically cross-linked
chains which can support a highly intricate hierarchical pore structure and consequently a
substantial surface area to host imprinted receptor sites. As the life span of radical species can vary
from 0.1 — 10 s, by balancing the reaction between propagation and termination, the structural
properties of the polymer can be controlled [154].

While the rule of thumb is that increasing the temperature increases the rate of initiator
decomposition and the creation of radicals, each initiator has an inherent rate constant (kq) which is
given by the Arrhenius equation, shown below:

kd = Aeﬁ

Equation 1

Where A is the pre-exponential factor which relates temperature to the rate coefficient, E, is the
activation energy and R and T are the universal gas constant and the absolute temperature
respectively. What should be noted form this equation is the existence of a minimum working
temperature for the initiator which is followed by an optimal window of radical propagation which
increases along a line defined by the rate coefficient. The importance of this relationship with
respect to the selection of the initiator for a polymerisation of a molecular imprint is discussed in

greater detail in section 1.5.4.
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Figure 1.22: The co-polymerisation initiation, propagation and termination mechanism for
methacrylate monomers (MAA & EGDMA) using AIBN as a radical initiator

Living addition polymerisation

Living free radical polymerisation is one of the other principal initiation mechanisms used for
molecular imprinting due to its ability to start and stop the polymerisation process as required. This
is possible due to the localisation of the polymerisation reaction, id est the radical initiator, to the
ends of growing chains, rather than in free solution as is the case with free radical addition
polymerisation. This is most useful when precision layer thicknesses or particle sizes are required.

To facilitate this process, an 'iniferter' is used in place of a simple radical initiator. This molecule
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combines the function of initiator, transfer agent (propagator) and terminator into one and is thus
appropriately named an 'ini-fer-ter'. This iniferter is coupled and immobilised to an existing
substrate and the polymerisation is conducted similarly to that of a free radical polymerisation
except that all growth is kept in one location, each addition can be predicted as one unit length and
the number of actively growing chains is constant throughout the reaction. This is as opposed to the
chaos of the random addition of chains of arbitrary sizes as occurs in free radical addition, in which
the number of active chains must be determined using instantaneous steady assumptions such as the
Bodenstein approximation [127,155-157].

Electropolymers

Electropolymerisation, as the name suggests, uses a potential to induce polymerisation instead of a
decomposing radical initiator with the magnitude of the voltage potential dictating polymerisation
rate rather than an initiator's kq. While conventional organic monomers are typically insulating in
nature, thus resisting any transfer of charge through their structures, highly mobile valance electrons
in conducting monomers allow them to serve as iniferters themselves in the presence of a voltage
potential. However, though many conducting monomers may permit the throughflow of electrons at
a sufficient rate to induce a polymerisation reaction, conductivity on a level sufficient to create an
electrosensor must often be achieved only with the doping of the polymer with a conducting ionic

species [122].

1.5 Rational design of a molecular imprinting protocol

The unique contribution that each component makes to the thermodynamic equilibrium of the
template monomer complex in the pre-polymerisation solution and throughout the polymerisation
process has a substantial effect on the structural morphology, mechanical strength, and the surface
area of the MIP. The process involved in optimising an imprinting protocol is intricate. While, with
respect to a non-covalently imprinted polymer, it is preferable to conduct the reaction in an apolar
environment to minimise disruption to the template-FM complex, this is often not possible due to
template solubility. Thus a compromise must be found between effective receptor sites and pore
formation. What follows is a brief discussion of each of the main factors which should be

considered when designing an imprinting protocol.
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1.5.1 Porogenic solvents for molecular imprinting

The need for a pore structure tuned to the application cannot be overstated. In SPE or
chromatographic procedures, an effective, well-formed three family pore system can physically

block larger interferants from interacting with the imprinted receptors via the gate effect.

For example, Koeber and colleagues stated their EGDMA-MIP was polymerised in toluene, a very
thermodynamically good solvent for EGDMA. The resulting pore structure was highly defined
though impenetrable to molecules weighing greater than 15 kDa and thus performs a preliminary
filtration step upon the analyte before it reaches the MIP receptors [158,159]. This intricate pore
structure makes these same MIP particles almost impossible to completely regenerate when
immobilised to a sensor surface without destroying the sensor itself [142,160]. For this reason, MIP
layers tend to be polymerised more slowly, often using photoinitiation to reduce the chemical
crosslinks within the polymer and the hierarchical pore structure along with it which can resist any

mechanical washing procedures via the capillary effect.

The requirement to disperse receptor sites throughout the MIP structure as well as augment the
surface area and pore structure is the core function of the porogenic solvent. This solvent provides
an in situ scaffold, around which a pore can be formed during polymerisation, as well as a solvation
medium in which the template can be dissolved [92,161]. The presence of a non-reactive solvating
medium facilitates the mixing and complexation of the template and FM, and thus the subsequent

formation of template-specific imprinted binding sites.

As was previously discussed in section 1.3, once the polymerisation process is initiated, oligomer
chains increase in length, growing more thermodynamically unstable until phase transition occurs
and they precipitate into the solution. This precipitation causes the collapse of the previously
dispersed oligomer which then forms the primary nucleus round which further chain collapse can
continue depending on the solubility of the template and its effect on the stability of the oligomer to
which it is complexed. If there is sufficient solvent volume, these nuclei will remain particulate
until the reaction is spent, aggregating only to the extent of forming microporous (<2nm)
microspheres (100 — 200 nm) [162]. If, however, the volumes of the polymer and solvent are
similar, typically in equal parts for bulk imprinting [25], these microparticles continue to aggregate,
forming a larger network, eventually fusing together to form a macro porous solid which may then

be broken into monolith particles.
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The selection of the porogen must take into account the format of the polymer being produced
which dictates the proportion of porogen to be used with respect to the polymerisable fraction of the
solution with the maximum, as previously stated, being 98% v/v above which point the polymer
concentration is too low to facilitate chain entanglement or interpenetration [91]. While monomer
concentrations above this threshold will ensure chain interpenetration, it does not guarantee
polymer precipitation. Though with high concentrations of polymerisable media, such as are present
during a bulk polymerisation (typically 50% v/v), precipitation can be forced by solidification of the
solution itself around the porogenic solvent, the influence of the thermodynamic miscibility and

compatibility of the solvent and polymerisable phases must be taken into account.

Thermodynamic goodness

The measure of the ‘goodness’ of a polymerisable phase with respect to a prospective porogenic
solvent can be further defined as the degree to which these two phases can mix and the ease with
which solution homogeneity is maintained. As can be guessed, ‘good’ implies comparable
parameters while ‘bad’ implies the opposite. A good solvent is miscible with both the monomer and
polymer when it is the continuous phase while at lower concentrations it delays precipitation of the
polymer significantly longer than its ‘bad’ counterpart. This is because, in addition to parameter
compatibility, molecular weight is inversely proportional to miscibility and solubility. While the
connotations of 'good' are of course favourable. If particles are the desired format, then a ‘less good’
solvent should be used to ensure the collapse and precipitation of the polymer chain to form solid

particulate structures (Figure 1.23).
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Figure 1.23: Importance of porogen selection on particle and pore formation; (adapted from: [163])

When a bulk polymer is being designed, a highly defined and rigid pore structure is required to
maximise the accessible internal surface area. The use of a ‘good’ porogen allows for a complex
hierarchical rigid pore structure to be formed even at lower polymerisation rates [158]. While the
use of an extremely compatible solvent can block the precipitation of the polymer, in the case of a
bulk polymerisation, the polymer chains can be placed in such density and proximity to each other
that they can form extremely high molecular weight structures while still being supported by the
porogen. This allows for the use of porogens such as toluene [98], DMF [164] or chlorine [165] to
form methacrylate and vinylbenzene polymer solids, two of the most commonly used co-polymers
for molecular imprinting, even though they share extremely similar properties (Table 1.5).The
measure of solvent goodness is relative to monomer or polymer in question. By resolving the

monomer's properties to the origin of a multidimensional graph (Figure 1.24). Boundary conditions
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can be set by the sphere created by the modulus of the parameters on each axis. Both good and bad
porogenic solvents can be combined in order to achieve the desired physical properties and particle
size by the adjustment of the polymer precipitation point [166]. Tuning of porogen mix changes the
theta point which is the point at which chain collapse occurs. This in turn permits an extended
growth period for the chains in the solution and thus produces higher chain weights [95,167-169].
These miscibility or solubility parameters are named after the scientists who devised them, Hansen
and Hildebrand.

Dispersion Forces

"Good" Solvent

o— "Bad" Solvent

Folar Interaction

Tri-point represting
Hydrogen Bonding the polymer

Capacity

Figure 1.24: Good and bad solvent relative to the parameters of the polymer [92]

Hildebrand and Hansen solubility parameter theory

The ability to predict the interaction behaviour and miscibility of two solvent compounds is clear
for any composite solution. Whereas a rudimentary indication can be found in solvent polarity and
hydrophobicity, this is highly limiting when control of complex systems is desired; such as is the

case with molecular imprinting. The idea of a solubility parameter was first proposed by one Joel H.
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Hildebrand in 1936 who proposed that a systematic description of the miscibility behaviour of
solvents could be estimated as the square root of the cohesive energy density, or enthalpy of

vaporisation 'C', of both solvents given by equation 2.

AH — RT

Equation 2

The enthalpy of vaporisation ‘C’, in turn is derived from the heat of vaporisation ‘AH’, gas constant
‘R’, temperature ‘T’ and solvent-molar volume ‘Vp’. This parameter, though a marked
improvement on the binary notion of polarity and hydrophobicity alone, the Hildebrand parameter
‘0’ was still unable to adequately define the intrinsic properties of a solvent which drive
compatibility and miscibility. With this in mind, Charles M. Hansen, in 1966, expanded on
Hildebrand's parameter to empirically define solvent properties of inherent dispersion or van der
Waals forces ‘d¢’, dipolar interaction or polarity ‘6, and the hydrogen bonding capacity ‘6n” and
modifying the original Hildebrand parameter to be ‘67’. These are related to the Hildebrand

parameter by equation 3.

d=0r = \/(adz + 0, +8,°)

Equation 3

This expansion of the original model in to three components led to Hansen's equation being referred
to as the 3 dimensional solubility model. The separation of these three parameters allows for the
tuning of solution to ensure effective mixing of the components whilst also facilitating the
minimisation of any interfering forces from secondary compounds. In the case of non-covalent

molecular imprinting, this is absolutely paramount in that interference with the primary template-
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FM must be minimised whilst simultaneously facilitating the solvation capacity required to
maintain an adequately dispersed solution, free of precipitate [170]. A list of common porogens and

other solvents and compounds relevant to this study are given in Table 1.5.
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Table 1.5: A list of solvents common and uncommon solvents to be used as porogens; Hansen solubility parameters and other characteristics

influencing a compound’s performance as a porogen or dispersing solvent with respect to miscibility with monomers relevant to this current study

Hansen Solubility Hydrogen Viscosit Boilin Vapour
Parameters (MPa"®) Relative ' Y009 . oy NI bressure
. bonding  Molecular weight  at 25°C point

[171,172] Polarity o at 25°C

[173] strength (g/mol) (cP) (°C) (kPa)

Acetonitrile  15.3 18.0 6.10 2439  0.460 Poor 41.05 0.37 82 11.8

Commgn'y Chloroform 17.8 3.10 570 18.95  0.259 Poor 119.38 0.53 61 26.2
use

porogens DMF 17.4 137 113 486  0.386  Moderate 73.09 0.92 153 0.44

Toluene 180 14 20 182  0.099 Poor 92.14 0.551 110.6 5.4

Ethanol 158 8.80 19.4 2650  0.654 Strong 46.07 1.2 78 5.95

Methanol ~ 15.1 12.3 223 29.61  0.762 Strong 32.04 0.6 65 16.9

Seldom Ethylene 4765 110 260 3200 0790  Strong 62.07 16.2 197 0.01

used Glycol

p:;ﬁ/%?]rt‘éc Water 156 16.0 423 47.81  1.000  Strong 18.02 1.0 100 3.17

DMSO 184 16.4 10.2 26.68 0.444  Moderate 78.13 2.0 189 0.08

MAA 15.8 2.80 10.2 19.00 N/A N/A 86.06 0.14 161 0.13

Commgn'y IA 16.6 8.40 181 25.96 N/A N/A 130.01 N/A 381 N/A
use

monomers EGDMA 164 540 8.60 19.30 N/A N/A 198.22 0.32 100 0.13

DVB 18.6 1.00 7.00 19.90 N/A N/A 130.19 1.0 195 0.11
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Pore formation and vapour pressure

To ensure a well-formed and rigid pore structure, porogen vapour pressure must be minimised.
Simultaneously, to ensure a rigid and highly cross-linked structure, the rate of polymerisation must
be kept at a specified level to ensure chemical, rather than physical crosslinking and chain
termination or vice versa. Pore rigidity maintains the position of the functional groups within the
artificial receptor whilst overall porosity ensures receptor accessibility through increased mass
transfer rates and pore diffusion [176]. While increased pressure may augment the rate of chemical
crosslinking through the increased production of radical species, the vaporisation of the solvent
during polymerisation inhibits the formation of an accessible primary pore network and reduces
porosity. Conversely, a low polymerisation rate also reduces the permanent pore structure through
the preferential formation of physical cross linkages, also known as chain entanglement. This lower
rate, typical of photo-mediated polymerisations, produces a less rigid polymer more susceptible to

solvent related swelling or 'solvent porosity' [24, 91, 166].

As aforementioned, pore formation occurs when droplets of the porogen are entrapped by the
collapse of the previously dispersed polymer chains when precipitation into the solution occurs.
This entrapment of droplets of the porogen occurs on a larger scale when these microspheres fuse
together and then again when the solution completely solidifies. These three events produce first,
second and third family pore structures within the polymer which has already been touched upon
(Section 1.3, Figure 1.13). Low vapour pressure solvents are thus desirable and used as porogens
where possible during syntheses of MIPs when the polymerisation is thermally initiated (Table 1.5).
As the reaction for radial polymerisation is conducted in a sealed environment to prevent oxygen
related inhibition of the polymerisation process [177], any increase in pressure in the closed system
when it is brought to the reaction temperature will also increase the risk of an explosion. As with
the issue of autoacceleration, discussed below, this associated risk can be minimised by reducing
the size of the reaction vessel. The polymerisation rate is also proportional to pressure and can be
accelerated by vapour induced pressurisation which may in fact inhibit the formation of second and
third family pore structures and reduce the post polymerisation MIP performance [16]. In other
words, the vaporisation of the porogen implies that it is not available to support the formation of
pore structures and thus cannot serve its primary purpose. Vapour pressure however only appears to
affect the morphology and mechanical structure of the polymer thus, if sufficient rigidity is
provided by an external support or a sufficiently cross-linked internal chain network, the actual
binding and selectivity behaviour of the imprinted receptor is not dependent on a particular porosity
[178].
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Viscosity and auto acceleration

Solvent viscosity is a parameter of high importance due to its influence on mixing behaviour as well
as the mass and reaction kinetics of the solution. Low initial solvent viscosity is favoured in order to
minimise the increase in viscosity as the molecular weight of the polymer chains increases within
the solution during the gelation stage of polymerisation. This is caused by the growth of a loose
network of polymer chains, which restrict the mobility of the radical species, trapping them inside a
finite area [179]. Due to the exothermic nature of radical polymerisation, the resulting build-up of
heat further accelerates the rate of the process, forming more radical species. This chain reaction is
referred to as autoacceleration or the Trommsdorff effect [166] and is an inherent part of the radical
polymerisation process. It can be controlled by the fraction of radical initiator added (Section 1.5.4)
to the solution to induce the reaction which is kept at approximately 0.5 — 1% w/w of the
polymerisable phase. When an adequate quantity of initiator is present, and the same decrease in
diffusion kinetics which would cause autoacceleration to occur in turn inhibits the propagation
reaction by which the radical species are formed, resulting in a decrease of the polymerisation rate,
referred to as autodeceleration [180], and the movement of the process toward polymer curing, in
which the polymer gel achieves complete phase separation from the porogenic solvent. While it is a
normal part of the polymerisation process, if too much heat is created through autoacceleration due
to an overly viscous solution, polymer porosity can be reduced by an overly rapid polymerisation

rate [16]. If the polymerisation reaction is on a sufficiently large scale, an explosion may occur.

Because viscosity is also linked to increased molecular weight of the porogenic solvent and can
reduce the dispersion of the pore scaffold-droplets in addition to contributing to the autoacceleration
effect low molecular weight porogens, such as non-reactive polymer solvents or polymer porogens,
can be added to the solutions to reduce viscosity in a similar manner in which higher molecular
weight non-reactive polymers are added during the synthesis of polymer layers to ensure an

interconnected pore network [92].

1.5.2 Template solvation and stability

The need to dissolve, stabilise and maintain the template molecule in the solution at elevated
concentrations leads to proportionally augmented levels of frustration observably in the scientist
during the design stage of a MIP. While an ideal porogenic solvent is defined by several variables,

discussed above, the perfect porogen does not always equate to an ideal solvation medium for the
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chosen template. In these scenarios, a non-reactive solubility enhancer can be added to dissolve the
template at the required concentration. This however, can often lead to a poorer MIP due to the
interference to the template-FM primary complex caused of this solubility enhancer. Disruption of
the template-FM complex was observed and reported by Professor Mosbach's research group when
theophylline's solubility in chloroform was enhanced using acetic acid. The acetic acid was seen,
however, to significantly inhibit the primary theophylline-MAA complexes from forming
polymerised imprinted receptors [181]. Other examples of template solubility enhancement in
concert with the preservation of the template-FM primary complex include the use of a binary
solvent phase to delay the saturation point of the template in the solution [182]. One other strategy
IS to switch the template-FM binding mode from high energy hydrogen bonds to weaker though
uncontested van der Waals forces when the only apparently suitable solvent also has a very high
hydrogen bonding capacity [183]. Perhaps the most effective of manner in which to improve
template solubility without negatively affecting formation of the MIP receptors is to directly exploit
the stabilising effect of the FM on the template. The enhancing effect that the FM has on template
solubility can be as high as a doubling or tripling in the template's solubility in the porogen [184].
The object of using the FM alone to dissolve the template can be used to confirm that there is a
template-FM interaction which is stronger than any template-porogen interactions. In other words,
the fact that the template dissolves into the solvent only in the presence of the FM is an encouraging
sign that some form of imprinted receptor site can be formed using that combination of those
molecular components. As has been shown in Figure 1.9, the effect of the porogen and any other
non-polymerisable interferants present in the solution will ultimately block or disrupt the formation
of 'ideal’ receptors which are those with the maximum number of FM groups interacting with the
most unique functionalities on the structure of the template. The solvent interactions can act not
only to create range of heterogeneous receptor sites of varying affinity and specificity, but also
block the formation of FM-FM dimers in the NIP by forming solvent-FM complexes. These
interactions result in exposed functional groups on the surface of the NIP follow the post-
polymerisation removable of the porogen. These exposed FM dipoles and groups both dilute the
observable imprinting effect of the MIP, which is calculated relative to the NIP, and also lead to

increased levels of interference, reduced specificity and poorer overall performance [25].

In bulk imprinting, where template concentrations are significantly augmented, and where the
thermodynamic characters of the crosslinker and the solvent are very similar, unstable or low
solubility templates and template-FM complexes can often be stabilised by the addition the
crosslinking monomer which typically accounts for up to 40% of the total volume of the pre-
polymerisation solution. This solubility enhancing effect can be enhanced even further by the use of
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a crosslinker. Di-, Tri-, and Tetra- EGDMA, discussed further in section 1.5.3 below, exhibit
increasing hydrophilic character. These monomers can be used as cross-linkers when a low
solubility template or an unstable template-FM complex is being imprinted [185,186]. However, the
presence of an increasing number of oxygen atoms might also augment the probability of non-
specific binding since they can each be employed as acceptor atoms in the formation of a hydrogen
bond. Even with the evidence already given regarding the influence of the imprinting of molecular
'shape’ and not only functional groups [15], the sheer volume of crosslinking polymer which is
present in the MIP can contribute to non-specificity if the template-crosslinker affinity is significant
[25].

One final method to bypass poor template solubility is to negate its use completely, using a more
soluble structural analogue in its place. This strategy has been employed as a solution to high cost,
thermal sensitivity or structural incompatibility to the imprinting process (i.e. tautomeric structure).
The 'dummy' imprinting of a structural 'mimic’, in fact, a quite common imprinting strategy with

various cases being detailed in the literature a brief number of examples can be seen in Table 1.6.

Table 1.6: A small number of examples of dummy templates used to form MIPs to target molecules

otherwise unsuitable to the imprinting processes

Template molecule Target molecule Reference
Cyromazine Melamine [187,188]
6-Aminopenicillanic o
) Penicillin [189]
acid
Trialkylmelamine Atrazine [115]

Catechin hydrate Tetrahydrocannibinol [88,89]

Theophylline Hypoxanthine [190,191]

1.5.3 Selection of crosslinking monomer

By design, the crosslinking polymer of a MIP should be complementary and not competing with the
primary bonds holding the template-FM complex together. The correct proportion of crosslinker,
normally devoid of high affinity functional groups, can be likened to the complementary role played

by the aromatic functionalities within nucleotides as a DNA strand relaxes to its stable double-helix
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structural state. While the primary binding mechanism between base pairs on complimentary
strands is driven by hydrogen-bonding, each of the bases is secured in a horizontal position by its
neighbour above and below. The cumulative effect of this n-m stacking is a high stability platform
with sufficient strength to maintain the highly complex structures to hold in close proximity to the
primary (hydrogen) bonds of the DNA [74].

The molar proportion of template to FM to crosslinker is normally taken as 1:4:16 respectively
which works out at approximately 80 mol% of the total solids for the crosslinker and 19 mol% for
the FM. Proportions in this range have been shown to provide the greatest separation factor for
MIPs relative to their controls [192]. The 1 to 4 ratio between FM and crosslinker is done to ensure
the rigidity of the polymer which is directly responsible, in the absence of an external support, for
maintaining receptor morphology. Interestingly, the use of excessive quantities of cross-linking
polymer has also been seen to negatively affect the receptor site by introducing too much bulk into
the pore structure which acts to reduce the closeness of geometric fit between the template

molecules and the imprints made in the polymer [193].

Quantity alone, however, does not exclusively dictate the efficacy of the MIP when experimentally
tested. Choice of the monomer also significantly alters the performance of the MIP. Ethylene glycol
dimethacrylate (EGDMA) and divinylbenzene (DVB), shown in Figure 1.25, are two of the most
widely known and used crosslinking monomers used in molecular imprinting. As shown in Figure
1.26, they have significantly differing effects on the performance of the MIP. While DVB,
containing one aromatic functionality within its structure, poses negligible interference to the
primary hydrogen-bond based template-FM complex, the poly-DVB's tendency to form a denser,
more closely packed and less porous structure through n-n stacking of its aromatic rings serves to
decrease the accessible surface area of the MIP and thus reduce the number of accessible receptor
sites available to capture the analyte from the solution [194]. The long, linear structure of EGDMA,
on the other hand, allows for greatly increased entrapment of the porogen which, in turn, creates a
much more easily accessible, larger surface area. This enhancement occurs even in the presence of
additional oxygen atoms with EGDMA's structure which can act as acceptor atoms in hydrogen
bonds (see Table 1.9) and thus can directly complete with the template-FM complex, disrupting the

formation of receptor sites and also posing a greater risk of a-specific binding at the MIP's surface.
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1.5.4 Initiation rate

The actual crosslinking of polymer chains during the polymerisation process should not be confused
with the crosslinking monomer. The latter is a monomer containing two polymerisable groups, it
can actually be cross-linked to varying degrees by the rate of the polymerisation reaction with is
ultimately dictated by the decomposition rate of the initiator molecule. As can be seen in Figure
1.27, the difference between a linear (physically cross-linked or entangled chains) or low density,
structurally weak polymer which requires a support, and a structurally rigid polymer, capable of
supporting receptor sites unaided, is found in the level of interconnectivity between finite polymer

chains, occurring during the polymerisation reaction.
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Figure 1.27: Polymer chains resulting from increasing polymerisation rate from linear (slow) to

minimally and highly cross-linked (high)

It is, more often than not, most important to ensure rapid chemical crosslinking of the monomers
around the template-FM complexes in order to form robust structures, resistant to solvent-related
swelling. This is often achieved with the use of a thermally mediated radical polymerisation
process. The use of an elevated temperature affects the quality of polymer in two ways. Firstly,
increased incidence of radicals leads to more frequent polymer chain termination within the
solution; shorter chain lengths result in a more robust structure, less susceptible to solvent related
swelling [195,196]. Secondly, the increased temperature can also augment the solubility of the
template in accordance with Le Chatelier's equilibrium principal, which can delay the precipitation
of the short-chain oligomers into the solution relative to the control which can reduce the pore

quality and polymer surface area.
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The rate of radical creation in photo-mediated polymerisation is actually faster than thermal energy
sources, being proportional to the intensity of the incident light; however, the propagation rate is
lower and thus so is the mechanism by which chemical cross-linkages occur [174]. The distinct
advantage of this photo-polymerisation method is the ability to perform polymerisations at
temperatures as low as -20°C [197] which may be required to stabilise the template or the template-
FM complex in the solution ahead of polymerisation. Indeed, the use of low temperature
polymerisation protocols is observed to produce a MIP with approximately double the amount
binding sites Bmax, though a corresponding halving in the apparent affinity constant Ky of these sites
relative to thermally initiated MIPs [24]. From this proportional relation between Ky and Byax With
respect to polymerisation temperature, it can be inferred that, while higher temperature
polymerisations may destroy many lower energy template-FM complexes, the augmented mobility
that this thermal energy provides to the system also allows the remaining complexes to orientate
themselves into a more optimal conformation prior to being physically secured in place by the

growing polymer chains.

The need for a minimal support structure is clear and whether this is integrated via the
aforementioned promotion of chemical crosslinking or through the use of an external support. The
results of both equate to the same if the mechanical stress resulting from the removal of the
template is not compensated for upon removal of the template from the receptor site. The
consequences inadequately providing for this necessity is shown in Figure 1.28. The most insidious
scenario of those shown must be the inadequate removal of the template which may be released
during the subsequent use of the MIP in a phenomenon known as template bleeding [17,84].
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Figure 1.28: Schematic showing the outcomes from insufficient crosslinking in which the MIP is
then structurally weak or susceptible to incomplete template removal, solvent related swelling and

subsequent template bleeding

The polymerisation rate can also magnify any positive or negative thermodynamic effects which the
template molecule may have on the MIP solution in contrast to the NIP. Thus special attention
should be paid to the decomposition rate of the initiator molecule at the desired polymerisation
temperature so as to adjust the polymerisation rate to minimise this effect, making the results
produced by the MIP and NIP more comparable [198].
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1.6 Transduction methods used for MIPs

The method of transduction of a MIP sensor is at least of equal importance to the synthesis of a
robust and optimal MIP structure. While electrochemical sensing techniques often the most cost
effective, facile and robust methods of transduction, the monomers used in molecular imprinting are
most often electrical insulators themselves. This can make the quantity of MIP, used to modify the
sensor surface, inversely proportional to the sensitivity of the electrochemical sensor itself. For this
reason, many laboratories use alternative methods such as the piezoelectric quartz crystal
microbalance (QCM), surface acoustic wave (SAW) or surface transverse wave (STW). Other
methods such as surface plasmon resonance (SPR) and field effect transistor (FET) are also
frequently used. Each one of these possesses their own strengths and weaknesses inherent to the
detection strategy which are summarised in Table 1.7. Perhaps the most common sensing strategy
incorporate the use of MIPs are optical as the MIP can be used in assay in free solution, as a pre-
concentration mechanism (SPE) or as the solid phase in chromatography apparatus.
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Table 1.7: A summary of the most commonly used techniques for the transduction of MIP based
chemosensors (adapted from [199,200])

Transduction Sensing scheme Advantage Disadvantage Reference
method
Non-destructive,
Optical Absorbance or Impro_ved_ SIN Susceptible to [201,202]
fluorescence ratio via photo-bleaching
multiplexing,
SPR Couplingangle  Applicableto & o0 evion [203,204]
reflectivity biosensing
QCM, SAW & Piezoelectric universal emperatr
: . viscosity, liable [123-125]
STW sensing detection
rincipal to Cross
P sensitivity
Wide working Requires
FET Field-effect range & low reference [205]
detection limit electrode
Electrochemical Electrical re rogl?(?irbilit
Impedance . Low LOD producibiity, [206,207]
impedance laborious
spectroscopy S
optimisation
. No additional
Conductometry Changc_a n reagents or Analyte must be [208]
conductivity . electroactive
markers required
Potential .
. difference No additional Analyte must be
Potentiometry reagents or 7 [39,209]
between two . ionisable
markers required
electrodes
Current at Low LOD Most  Fouling of sensor
Amperometry constant potential commonly used  surface reduces [210,211]
P ECMIPS detectable signal
poor electron
Current at varied Rapid, cheap transfer due to
Voltammetry potential detection isolating MIP [40,212,213]
material
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1.6.1 MIPs in sensor arrays

When viewing the progress made in the application of MIPs to sensor arrays, one must also be
aware of the specific start point of the research trajectory or rather, the specific generation of MIP
technology which is employed in the sensors which is most often non-covalent in nature. Their
popularity and widespread use relies on their inherent simplicity and low cost, widely available
component reagents and, most importantly, the unspecialised equipment and skill set required in the
synthetic process. The availability and applicability of the technique to numerous template
molecules using an essentially identical protocol has proven to be the key practical advantage that
has led to the explosive growth in the field of molecular imprinting that has already been discussed
at the start of this chapter (Section 1.1.1). Due to this apparently universal protocol, many reported
imprinting protocols are not optimised, employing instead the ‘'rule of thumb' ratio of 1:4:16
discussed previously (Section 1.5.3) for template, FM and crosslinker quantities without excessive
thought on synthesis optimisation to the sensing environment. This can often lead to the already
mentioned effects of high incidence of non-specific binding, receptor hydrophobia, template

bleeding, slow kinetics, poor affinity or all of the above [214].

Indeed, the concepts of molecular imprinting and sensor arrays can appear to be divergent as the
former seeks to achieve the highest possible selectivity of a sensor material by the act of literally
imprinting the likeness of the target within the sensor. Sensor arrays, on the other hand, seek to
improve accuracy, ultimately equitable to selectivity, by the collaborative effort of several sensors
each of which exhibit some comparable cross response to the target. The apparent superfluousness
of this combination was summed up by Professor Sergey Piletsky, the most highly published author
by number in the field of molecular imprinting [13], when he asked® whether the ultimate goal of a
MIP sensor array would be to create 'bad' MIPs, alluding to the potential of a loose-loose scenario
of the performance of intentionally designed low specificity MIPs being further reduced by
immobilisation of the polymers on a sensor surface and by the transduction method. This comment
highlights a curious point of debate which can occur between the engineer and the scientist with
respect to research trajectories and the development of a practical system. At what point must one
exit the ideal conditions of the laboratory and enter the imperfect world of real samples and
unknown interferants? A definitive answer to this does not exist. A conscious decision must be
made between a highly optimised and consequently delicate MIP which must be applied with
precision under highly controlled conditions, such as the in vivo application of a MIP [215], and a
dependable, more generic MIP whose inherent flaws are patched and solved on an ad-hoc, after-the-

! : 3" CHEBANA Summer School, Biarritz, France, 1 — 7 September, 2013
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fact basis which is the more widely employed strategy reported on in the literature. As Shimizu and
Stephenson put it in their review on the subject, placing MIPs in an array form serves to
‘compensate for', rather than solve, the observed low selectivities and elevated cross-reactivities

seen in MIP sensor systems [216].

The crux of the issue of application of the MIP to the sensor array has always been to find a way in
which to maintain imprinted receptor integrity while maximising signal transduction and
regenerability. The latter being needed in order to produce the large data sets needed in order to
solve cluttered signals from the complex mixtures of molecules present in real samples. The reward
for solving these issues would be to explain and exploit “nature's tricks” which is to explain the
complex mechanism used by the physiological sensors for analytes in fluid, namely, the nose and
tongue [217]. As shown in (Figure 1.29), a sensor array uses both specific and non-specific
receptors to determine the concentration of one or more of molecules by the processing of the

variation in response from sensor to sensor represented, in this case, by colour.
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Figure 1.29: Variation in signal produced by a sensor array in a homogeneous and heterogeneous
solution of analytes (modified from: [217])

EE NN RIQ!
5'd N

A

As summarised in Table 1.8, there are a number of array systems based on MIP sensors. The
detection strategy of each of the systems presented speaks to the inherent limitations of MIP sensors
already discussed in previous sections. All but one array system employ non-electrochemical
methods, opting instead for more MIP-compatible piezoelectric, absorbance and fluorescence based
sensing techniques. The issue of sensor regeneratibility are solved by using flow systems [149,218],
volatile analytes [219-221], MIPs in free solution [222-224], limiting the receptors used in each
measurement and compensating for the signal loss for the finite lifetime of the sensor [225] or by
controlling pore structure using physical scaffolds [124]. In the latter, equilibrating time is extended

greatly due to diffusion limitations of the fluid throughout the micropore structure of the MIP layer.
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Table 1.8: Summaries of publications reporting on molecular imprinted sensor arrays

Imprinted
Target system templates
E-nose
measuring water, limonene,

Volatile organic
compounds from
plant-degradation

ethyl acetate,
propanoal, butanol

Limonene, a- & B-
pinene, estragole,
eucalyptol,
terpinene

E-nose
measuring
terpenes in herbs

Detection of
bittering
compounds in
tonic water
Detection of
albuterol
(performance
enhancing drug)
in biological
samples
Proof-of-concept
screening
platform for
high-throughput
screening of
Sensors
Characterisation
of sensor array
with potential
applications in
physiological
and
environmental
scenarios

Quinine, sacchrine

Albuterol

dansyl-I-
phenylalanine

Zn** cd*

(x)-propranolol,
(+)-
pseudoephedrine,
(2)-ephedrine,R-
(2)-2-
phenylglycinol,
benzylamine,a-
methylbenzylamine,
and 2-(dime-
thylaminomethyl)-
3-hydroxypyridine

Detection of
aromatic amines
and distinction
between
diastereomers,
pharmaceuticals
and structural
analogues

Detection of
aspartame
against peptide
analogues

aspartame

Sensor system

MIP layer deposition on QCM
electrodes

MIP layer deposition on QCM
electrodes

Precipitated MIP particles in
PVC layer on QCM electrodes
in flow system at varying pH

Thin MIP layer electrode with
complimentary NIP, platinum &
glassy carbon voltammetric
electodes

Microfluidic array of 14 NIPs;
UV absorbance measured with
CCD camera;
separate MIP sensor created
from the results

lon-imprinted Silica layers
impregnated with organic
fluorophore to indicate binding
events

7 methacrylate MIPs in free
solution; Colorimetric sensing of
complex binding through
displacement of a non-specific
fluorescent dye (benzofurazan)
from MIP receptors

MIP thin film using bead
scaffold to form a structural
array in place of a macropore
system on a QCM electrode

Data
processing

Principal

component
analysis

Principal
component
analysis

N/A

Numerical
analysis

N/A

Principal
component
analysis

Linear

discriminant

analysis

N/A

Ref.

[221]
[219]

[220]

[218]

[225]

[149]

[224]

[222]
[223]

[124]

67



Design and development of molecularly imprinted polymers and imprinted sensors

1.7 Computational modelling for molecular imprinting

Virtual screening using specialized computational models can serve as an accelerative tool in the
pre-polymerization selection process; such models can provide accurate predictions of the primary
binding energy of candidate FMs for a selected template. A preliminary refining of a large library of
monomers can be made over the course of a day by a computational algorithm which would
otherwise take weeks or months in the laboratory. On a numerical scale, a two-component system
of 100 monomers results in more than 5000 possible combinations[194]; a decidedly unviable
number for experimental screening. The main, overbearing and ever-present issue that goes in-hand
with the attempt to model and predict the highly complex interactions of physical chemistry with an
analogous virtual system is the question of accuracy. The compromise between computational price,
processor-load and faithful replication of the quantum effects driving the observed inter-atomic

behaviour is an extremely delicate one [226].

Given the large variety of components and conditions used in MIP synthesis, the ab initio
incorporation of computational modelling is highly attractive in order to reduce the laboratory
workload, design time and consumed materials. This can be done by providing an affinity ranking
for functional monomers and porogenic solvents based on the primary site of hydrogen bonding,
shown to be an accurate indicator of post-polymerisation performance [227]. This prediction of the
strength of the electrostatic bonds between the template and each of the components can be used to
determine whether solvent or co-monomer can disrupt or interfere with the formation of complex
between the template and the FM and as a consequence, affect the affinity and specificity of MIP

receptor.

Indeed, the efficacy of computational models is such that there have been successful reports of
'virtual imprinting' whereby a monomer is virtually matched to the target molecule based on the
quality of the hydrogen bonds formed (Table 1.9) and then, a non-imprinted polymer (NIP) is used
in place of a MIP. This further accelerates the design process and has proven to be an effective
strategy for targeting compounds which may not necessarily be prime candidates for the
conventional imprinting process [226,228]. The link between favourable NIP binding properties and
a successful imprinting event, in other words that high primary or nonspecific affinity between the
template and FM increases the probability of effective imprinted receptors being formed, has long
been established [227].
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Table 1.9: Table stating the defining features of hydrogen bonding strength and quality [229]

O—H... i \‘D/V\
/«—+ o—H 0..-B

H / A [ H.-“d' 6_acv:,e.mtor

H ° donor °
Strong Medium Weak
Bond energy i ) i
(kJ-mol ) 14-40 4-14 0-4
Interaction type: Mostly covalent Mostly electrostatic electrostatic
Bond lengths (A) A—H=H---B A—H<H--B A—H<<H---B
A---B 2.2-2.5 2.5-3.2 3.2-4.0
H---B 1.2-15 1.5-2.2 2.2-3.2
Bond angle (0) 175 - 180 130 - 180 90 - 150
Reduction in IR 2504 10 - 25% <10%
stretch frequency
Proton sponges, HF Cayboxylic acids,
C-H--O/N
Examples complexes, hydrated alcohols,
. O/N-H '
protons biomolecules
Bonding Terminology
A——HB Normal Hydrogen Bond (two-centred)
.C
A—n" \
\  minor component Bifurcated Hydrogen Bond (three-centred)
B
major component

Over 25% of H-bonds in carbohydrates are multifurcated; more in amino acids and proteins

Dynamic simulation of molecular interactions can also provide extremely useful insights into events
within the polymerisation solutions. This can be the either in the pre-polymerisation design phase
where maximum or ideal stoichiometric ratios between the template molecule and the FM can be
calculated and then used in the calculation of molar ratios within the synthesis protocol to replace
the experimental determination through Job Plot analysis [113,230-232], or the simulation of the
polymerisation even itself in which the durability of the template-FM complexes can be tested in
the solvent and crosslinker molecules, at polymerisation temperatures as well as predicting the
diversity or heterogeneity of the receptors which may be predicted to be formed during the
polymerisation process [233-235].
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1.7.1 Computational chemistry

Computational chemistry performs simulations of inter-atomic and molecular interactions in order
to study the behaviour of system. The development process of such a computational system can be
seen summarised in (Figure 1.30). This progression can be understood as a steady tightening of the
boundary conditions on the interaction of interest. If one thinks of an experimental system in a
laboratory as a simplification of a naturally occurring system, from a boundless environment to a
controlled one, then from that precedent, the further progression from experimentation in a
physically constructed artificial environment to experimentation in a virtual environment is perhaps
not so drastic or abrupt. Just as is the case in experimental chemistry, the design and development
of computational chemistry models must make approximations and simplifications of highly
complex phenomena in order to reduce the computational-cost, or the workload, to a level

compatible with the processing power of available computing systems.
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Figure 1.30: A schematic depicting the basis on which predictive computer models are created from
and tested using experimentally acquired empirical data (adapted from: [236])

The resolution of the system or the degree to which the model must be simplified depends on the
size of the system with respect to number of mobile atoms and the simulation time with the two of
these being directly proportional to each other. As shown in Figure 1.31, three broad categories of
modelable systems can be defined the first principals (FP), tight binding (TB) and empirical
molecular dynamics (MD) methods.
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Figure 1.31: Graphic showing the relationship between the scale and size of the system of interest,
the time required to achieve quality simulations and the level of detail in which the system can be

represented [237]

The FP method might also be referred to as the ab initio method in which all quantum mechanical
properties are modelled from the Schrddinger equation in order to achieve the greatest degree of
accuracy in the predictions made by the model. However, given the level of detail into which this
model goes, current computational capacities limit this method to small systems of up to
approximately 100 atoms. For larger system up to 10,000 atoms, the semi-empirical TB method can
be used. This method is based on the Hamiltonian matrix mathematical model and constructed
using a low number of basic material functions. These can be used to calculate eigenvalues and
wave functions from which additional parameters such as charge density, band structure and
absorbance spectra can be extrapolated. In this intermediary model, quantum properties and effects
such as superposition are still observable thus making it highly useful for modelling one and two
dimensional nanostructures. For systems any larger than this, as are the systems representing
molecular imprinting events, more coarsely defined environments based on empirical data must be
relied on [237].

Because of the empirical nature of these environmental systems, the properties of each object are
heavily dependent on the conditions under which they were originally observed and optimised; for
example, protein or DNA interactions in water. Table 1.10 shows the specialisation of a selection of
the most common force fields currently described in the literature. These force fields can be viewed
as large tables of atomic properties, bond types and energies which can then be observed interacting
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with each other under specified ambient conditions of pressure, temperature, time, charged state
etcetera.

Table 1.10: Description of some commonly used force fields for molecular dynamics simulations

Force field name Optimised environment Reference

Tripos Organic molecules & proteins [238]

AMBER Mainly used for modelling of proteins & [239]

DNA
CHARMM Small and macromolecules [240]
GROMOS General purpose system for biomolecular [241]
systems
OPLS Specialised liquid simulations [242]
COSMOS Organic, inorganic & biological molecules [243]
1.7.2 Model smelliness

The concept of 'smell’ when discussing mathematical models and functions in computational code is
used to describe the accuracy with which the model represents the system on which it is base in
terms such as level of abstraction, accuracy of boundary conditions and over- or under-definition of
parameters [244]. This can become a significant issue if the system must be modified to a secondary
environment or if it is being further simplified in order to reduce the computational load on the
processor available to the scientist. It is a fine line to tread when the fitting of experimental and to
theoretical models can be attributed to 'luck' and stands to the testimony of just what a feat the

creation of an accurate theoretical model is [245].

The very nature of this level of molecular modelling, which is essentially simplistic mathematical
functions with applied empirical constants to suitably weight key parameter, has led the majority of
the force fields to make some key approximations which reduce the accuracy of their predictions
[246]. Perhaps the most notable of these approximations can be taken as the common use of the
Lennard-Jones potential equation to describe molecular interactions between atoms, shown in

equations 4 and hypothetically plotted in Figure 1.32.

o =1e @ -]

Equation 4
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Where ¢ is defined as the magnitude or 'depth' of the well energy potential and o is the distance at
which the inter-atomic potential can be defined as zero. Finally, the superscripts ‘@’ and ‘b’ are
versatile operators which may be modified depending on the modelling function. For example, 12-
6, 12-10 potentials can be used to represent van der Waals and dipole or hydrogen bonds
receptively [246,247]. An extended 12-10-6 triplicate function can be used to model a function,
repulsive at medium distances, which can be used to represent the desolvation energy penalty which

occurs when a receptor removes a ligand from free solution [248].
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Figure 1.32: Schematic of the plotted Lennard-Jones potential mathematical function (adapted from:
[249])

The scenario to which a model is applicable can be further narrowed with the use of additional
approximations such as the united atom model, where non-polar hydrogen atoms are merged to
their heavier root atoms for the modelling of larger proteins and other macromolecules [250], or the
embedded atom model which can be used to simulate bulk materials and surfaces [251]. This
necessary simplification of interactions can predictably lead to model incapacity or ignorance of

certain background interactions [252].

Two levels of system coarseness and docking search strategies can be seen in the in Figure 1.33
which compares the highly detailed though computationally more expensive SYBYL modelling
suite an Leap Frog search algorithm, developed by Tripos and available through the Certara parent
company, with the open source computationally lighter Autodock suite developed by the Scripps
institute. SYBYL is built on top of a bespoke force field developed by Tripos itself and, given its
primary application to physiological molecules, its high resolution definition of various bond types
as well as, for example, 6 distinct atomic states for carbon, is highly defined and can produced
detailed results. Autodock, on the other hand, is slightly smelly by comparison. The cutting of
computational cost allows the Scripps institute to provide the Autodock suite as an open-source,
freely downloadable software package. The compromise between computational cost and accuracy
must be complemented by an appropriate effort in the laboratory to confirm the predictions of the
computation model. This is referred to as the combinatorial approach.
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Figure 1.33: comparison between the SYBYL and open-source Autodock molecular docking suites

1.7.3 The combinatorial approach

When observing the results predicted by a computational model, it is most important to remember
value and necessity of the combinatorial approach. This is to say that the use and incorporation of
computational algorithms into the research and development process is most powerful when it is
done in harmony with conventional and thus can complement the accuracy and speed of the
research rather than leading to discrepancies between experiential observations and virtually
predicted, overly abstracted results. This can be seen in the already mentioned use of virtual
modelling to determine template-FM stoichiometry rather than the most labour intensive
experimental method of Job plot analysis. Alternatively, the screening of virtual libraries of FM
molecules against a candidate template molecule can also greatly reduce the need to experimentally
test these combinations on well plates or automated MIP fabrication devices [253]. Computational
energy minimisations can also be used to determine complex molecular structures and
intermolecular bond location and directionality which may differ significantly between structural
analogues to the structure activity relationship (SAR) paradox [254]. This change in location can be
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the cause of some significant headaches when designing a polymer imprinted with a dummy

template (see section 1.5.2).

The ability to predict the location of such bond locations has also allowed for the combination of
multiple FM in one single MIP receptor. Accurate prediction of the location of various template-FM
bonding site permits the inclusion of two or more FM molecules each of which target separate
features in the template's structure. The presence of multiple functionalities within a receptor
introduces the possibility for chiral separations of analogues [255-257]. More impressively still,
mimicking of multivalent biological receptors also becomes possible by analysing the interacting
amino acids and relevant structures of natural receptors, determined most often through x-ray
crystallographic analysis, and then matching it to a FM with the appropriate functionality, improved
and specialised MIP receptors can be created, a brief summary some examples of this combinatorial

and biomimetic approach can be seen in Table 1.11.
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Table 1.11: Short summary of biomimetic and multivalent MIP receptors utilising the combinatorial

approach
Template Blore.:ce.p tor Monomer 1 Monomer 2 Reference
mimic
: Dopamine : Itaconic
Cocaine acrylamide .
transporter acid
Deoxyephedrine Dopamine HEMA ltaconic
transporter acid [252]
Methadone u opioid receptor HEMA Itz%?glc
Morphine u opioid receptor HEMA MAA
ﬁm.'”o acid N/A VP MAA [258]
erivatives
Amino acid .
derivati N/A 2VP acrylamide [259]
erivatives
Theophylline & 3-
Chlorogenic acid N/A aminopropyltriethoxysilane MAA [260]
catechol Tyrosinase urocanic acid ethyl ester CuCly [137]
2-acrylamido-2-
Bisphenol A N/A methylpropanesulfonic styrene [261]
acid
adenosine 5 2. (dimethylamino)ethyl
monophosphate adenylate kinase hy I y acrylamide [262]
(AMP) methacrylate

A more recent report published this year has even detailed the application of a neural network to the
analysis of a complex virtual system to predict several optimal sensor parameters including pH,
absorbent mass and time, eluent volume and extraction time, heralding a greater level of integration

of such models into all stages of the MIP design process [263].
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2. Objectives

2. Objectives

The objectives of this thesis were:

1. To study the core principles of the field of molecular imprinting to devise and design
synthetic protocols to be used within the Sensors and Biosensors research group at the

Autonomous University of Barcelona on an on-going basis.
2. To investigate appropriate transduction mechanisms for the synthesised imprinted polymers.

3. To devise and test imprinted sensor apparatus for applicability to a sensor array such as
would be used in robust Electronic Tongue systems.

4, Provide scope and perspective for the research trajectory toward more efficient and stable

polymer sensor arrays to be used for future Electronic Tongue systems.
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3. Experimental

3. Experimental

All materials, methods and protocols listed herein are related to the work reported in the following
journal articles:

Article 1 - F. Bates and M. del Valle, Voltammetric sensor for theophylline using sol—gel

immobilized molecularly imprinted polymer particles, Microchimica Acta. 182 (2015) 933-942.

Article 2 - F. Bates, M. Busato, E. Piletska et al., Computational design of molecularly
imprinted polymer for direct detection of melamine in milk, Separation Science and Technology
[Manuscript submitted]
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Article 3 - F. Bates, M.C. Cela-Pérez, K. Karim et al., Virtual Screening of Receptor Sites
for Molecularly Imprinted Polymers, Macromolecular Bioscience (2016).
d0i:10.1002/mabi.201500461.
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3.1 Materials

In article 1, 50 um particle size graphite powder (Merck, Darmstadt, Germany) was used in the
preparation of the sol-gel membranes and of the epoxy- graphite electrodes. Epotek H77 resin and
its corresponding hardener (Epoxy Technology, Billerica, MA, USA) were also used in the
electrode fabrication. All reagents used in article 1 were analytical reagent grade. All solvents
were purchased from Scharlab, (Scharlab, Barcelona, Spain). The radical initiator 2,2’-Azobis
(2,4-dimethylvaleronitrile) (AIVN) was purchased from Wako Chemicals GmbH (Wako
Chemicals GmbH, Neuss, Germany). All other acids pertaining to article 1 and potassium

hydrogen phthalate were purchased from Panreac (Panreac, Barcelona, Spain).

The following chemicals for articles 1 & 2 were purchased from Sigma-Aldrich (Sigma-Aldrich, St.
Louis, MO): 1,7-dimethylxanthine, theophylline, theobromine, caffeine, melamine,
acetoguanamine, cyanuric acid, urea, triazine, methacrylic acid (MAA), itaconic acid (IA),
divinylbenzene (DVB), ethylene glycol dimethyl acrylate (EGDMA), dimethyl sulfoxide (DMSO),
formic acid, tetraethyl orthosilane (TEQOS), 1,1' azobis-cyclohexanecarbonitrile (AICN) and 2,2'-
azobis 2-methylpropionitrile (AIBN).

All reagents and solvents used in article 2 were analytical or HPLC grade and were used without
any additional purification except for DVB which was technical grade and the referenced real milk

samples were purchased at random at local supermarkets in Leicester, UK.

All water used in all referenced articles was triple distilled and deionised by Milli-Q purification
systems (Millipore, Billerica, MA, USA).
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3.2 Instrumentation
3.2.1 Laboratory instrumentation

Polymerisations in Article 1 were done in a water bath controlled with a Huber CC1
thermoregulation pump (Huber Kaeltemaschinenbau GmbH, Offenburg, Germany).
Polymerisations in Article 2 were performed a silicone oil bath on a feedback-controlled hot plate
or in a UV reactor using a Honle 100 UV lamp (intensity 0.157 W/cm?) (Honle UV, UK).

All Article 1 experiments were conducted using a commercial 52—61 platinum combined
Ag/AgCI reference and counter electrode (Crison Instruments, Barcelona Spain). All voltammetric
measurements were carried out using a DropSens uStat8000 multi-potentiostat/galvanostat and
processed using Dropview 8400 computer software (Dropsens, Oviedo, Spain).
Chronoamperometry measurements were executed using an Autolab PGStat 20 (Metrohm
Autolab B.V, Utrecht, The Netherlands).

Analyses detailed in Article 2 were done using the following instruments. Pore size and surface
area analyses were carried out using a NOVA 1000 E Series Gas Sorption Analyser
(Quantachrome Instruments, FL, USA) and interpreted using nitrogen BET theory (23) via the
NovaWin software package. HPLC columns were packed using a Slurry Packer model 1666
(Alltech, UK). All HPLC experiments were conducted using an Agilent 1100 HPLC and recorded
using Chemstation package (Agilent, CA, USA).

All SEM analyses were done using a MERLIN FE-SEM (Zeiss GmbH, Jena, Germany).

Confocal microscopy was done with a Leica DCM-3D system (Wetzlar, Germany).

110



3. Experimental

3.2.2 Computational instrumentation

All SYBYL calculations and simulations were done using SYBYL v.7.3 (Tripos Inc. St. Louis,
MO, USA) in conjunction with the SPECTRE operating system at the University of Leicester.

All other computational calculations were done on the Linux-based Ubuntu 15.04 (VividVervet) 64
bit OS (releases.ubuntu.com/15.04/), installed with default settings on to a Lenovo S540 Think Pad
laptop computer with an Intel Core i7-4500U CPU system of 4x1.80 GHz processors @7.5GiB
RAM. A modelling environment was constructed exclusively using open source, freely available

software packages. Table 3.1 shows a brief summary of the principal items installed.
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Table 3.1: Itinerary of the main open source software programs installed on the Lenovo S540

Think Pad laptop computer

Software

Description Reference
name

Marvin Sketch  Platform for 2D chemical sketching and visualisation [1]

Open Babel is a chemical toolbox designed to speak the
many languages of chemical data. It's an open,
collaborative project allowing anyone to search, 2]
convert, analyse, or store data from molecular
modelling, chemistry, solid-state materials,
biochemistry, or related areas.

Openbabel

Acpype (AnteChamber PYthon Parser interfacE) is a
wrapper script around the ANTECHAMBER software
that simplifies the generation of small molecule
topologies and parameters for a variety of molecular
dynamics programmes like GROMACS, CHARMM
and CNS.

The VMD (Visual Molecular Viewer) allows for real-
time visualisation of molecular dynamics calculations. [4]
It has been integrated into the default configuration of

Gromacs from v 5.0 on.

Acpype [3]

VMD

(GROnNingen MAchine for Chemical Simulations) is a
Gromacs-5.0 molecular dynamics package primarily designed for [5]
simulations of proteins, lipids and nucleic acids.

Chimera Molecular Visualisation package is compatible

Chimera 1.10.2  with gromacs .gro files for post-simulation viewing and [6]
conversion
AutoDockTools (ADT) is the free GUI for AutoDock
Autodock developed by the private biomedical research non- 7]
Tools profit, Scripps institute. It is used to prepare, submit and

analyse AutoDock experiments.

AutoDock is a suite of automated docking tools. It is
Autodock designed to predict how small molecules, such as 8]
VINA substrates or drug candidates, bind to a receptor of
known 3D structure.

PyMol Molecule Graphics System; compatible with

PyMol 1.7.2 Autodock.pdba files O]
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3.3 Polymerisation Protocols

Article 1

The protocol for the precipitation polymerisation synthesis of the MIP particles was taken from the
literature [10]. In brief, inhibitor in the MAA and EGDMA was removed immediately prior to use
via passage through separate inhibitor removal columns (Sigma-Aldrich, St. Louis, MO). 0.255
mmol of Theophylline was combined with 0.911 mmol of MAA in 40 mL of acetonitrile in a
round bottomed flask. The mixture was then stirred gently at low temperature for 10 min. 3.64
mmol of EGDMA and 0.0852 mmol of AIVN were then added and mixed briefly. The solution was
sonicated under vacuum and then purged with nitrogen for 10 min, at which point the flask was
sealed and placed in a 60 °C water bath for 16 h. A control non-imprinted polymer was also created
using an identical procedure with the omission of theophylline. The MIP particles were then
removed from the porogen via centrifugation at 4500 RPM for 10 min and then equally divided
between three 15 mL Falcon tubes. The particles were washed using 10 mL of 9:1 methanol: acetic
acid solution for 1 h, at which point the washing solvent was refreshed; next, the tubes were
centrifuged and the supernatant replaced. This process was repeated 5 times to ensure the complete
removal of the template molecule; the particles were then rinsed again with methanol only and dried
in an oven at 70 °C.A new technique for screening of “virtually imprinted receptors” for rebinding
of the molecular template as well as secondary structures, correlating the virtual predictions with
experimentally acquired data in three case studies. This novel technique is particularly applicable to
the evaluation and prediction of molecularly imprinted polymer (MIP) receptor specificity and

efficiency in complex aqueous systems.

Article 2

To test the miscibility of DVB in DMSO and its suitability as a porogen, 4 mL of chloroform,
MeCN and DMSO were each mixed with an equal volume of DVB and 44 mg of AIBN initiator in
glass vials. The solutions were then agitated, degassed, sealed and polymerised at 60°C for 24
hours. The resulting polymers were ground, sieved, washed in MeOH and compared with respect to
pore structure using SEM.

All volumes or masses used in the imprinting protocol used in Article 2 were calculated and
confirmed using the MIP database's online polymer calculator [11]. For the preparation of the MIP,

1 mmol of melamine was combined with 8 mmol of itaconic acid in 4 mL (4.4 g) of DMSO in a 20
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mL screw-topped glass vial. The mixture was then sonicated until all solids were dissolved. 24.8
mmol of DVB was then added and mixed to homogeneity followed by 44 mg, 0.268 mmol of the
initiator was added. This was AICN for UV and 80°C polymerisations and AIBN for the 60°C
polymerisation. The mixture was purged with nitrogen for 5 minutes following thorough
mechanical mixing. The vial was then sealed. Control polymers were synthesised in an identical
process with the omission of the melamine template. Thermally mediated polymerisations were
carried out in an oil bath for 24 hours. For UV mediated polymerisations, the vials were placed into
a UV reactor until turbidity was observed at which point these vials were transferred to an 80°C oil
bath for 24 hours. Following polymerisation, all vials were removed and broken. Then the polymer
was collected, ground and sieved to extract the 25 to 106 um fraction which was washed with
methanol for 24 hours in a Soxhlet (30 minutes approx. per cycle) and dried at 70°C until a stable

weight was observed.

3.4 MIP immobilisation
Article 1

The electrodes used for experimentation were epoxy-graphite composite electrodes of normal use in
the laboratory of the authors and were prepared using a previously published in-house, established
protocol [12]. Briefly, as shown in Figure 3.1, a gold-coated electrical connector was soldered to a
6 mm diameter copper disk after which a section of PVC tubing was placed over the setup to create
a small cavity and a final geometric surface area of 0.28 mm?. Epoxy resin and its corresponding
hardener was the combined with 50 pum graphite particles and thoroughly mixed to a
homogeneous paste. The electrode was then cured in an 80°C oven for 2 — 3 days. Following the
curing duration, the electrodes were wet-polished with 400 grit abrasive-paper and degreased with

acetone.
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":I';f:’ y: I 1 Epoxy-graphite Abrading of electrode Curing of [-—
p | bt paste - | surface & deposition | MIP-Sol-Gel
‘ ‘ il 1 r-l’ of MIP-Sol-Gel layer
Electrical /- \ ‘ —
connector L Y —e) [o—— . -
=

Figure 3.1: Schematic summary of the preparation of the epoxy-graphite composite electrode-
immobilised MIP-sol-gel layer

The immobilisation of the MIP particles onto the surface of the epoxy-graphite electrode was
modified from a previously published protocol [13]. 0.5 mL TEOS, 0.5 mL ethanol, 0.25 mL water
and 25 pL of 0.1 M hydrochloric acid (HCI) were combined and stirred vigorously for 35 min and
rested for approximately 45 min to arrive at the syneresis stage. This liquid was combined with
graphite and a MIP- DMF suspension in the ratio 200 uL to 7 mg to 40 uL respectively. The MIP-
DMF suspension consisted of 15 mg of MIP particles and 1 mL of DMF; the experimental control
consisted of particles polymerised in the absence of the tem- plate, a non-imprinted polymer (NIP).
This mixture was shaken for 10 min at 1400 RPM. 10 uL of this solution was deposited in the
centre of each electrode and evenly distributed via a homemade spin coater at 1400 RPM for 60 s.
The electrodes were dried at atmospheric pressure at 5 °C over- night and conditioned in water for
1 h before use. For regeneration experiments, the electrodes were immersed in 0.05 M HCI at 60—

65°C for 10 min and then conditioned in water for 1 h before subsequent use.

Article 2

The HPLC columns used were stainless steel (50 mmx 4.6 mm) into which the polymer was
packed using Slurry Packer model 1666 (Alltech, UK). This process entailed mixing the polymer
particles in methanol and packing the column to a pressure of 100 bar. The columns were then
tightly closed and washed with the mobile phase until a steady baseline was observed. When not in

use, the columns were washed with a neutral (acid free) variant of the standard mobile phase.
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3.5 Detection parameters

Article 1

Differential Pulse Voltammetry in all experiments was performed with a scan range between 1
and 1.7 V, a pulse potential of 0.01 V, duration of 300 ms and a scan rate of 0.04 V - s!. A base
line measurement was taken at t = 0 (tp) from which all proceeding measures were subtracted.
While chronoamperometry experiments were performed at +1.18 V. All measurements were
done in pH = 3 phthalate buffer with the pH adjusted using 0.1 M HCI. An accumulation time
of 5 min was used in all experiments unless otherwise stated whereby the electrode was immersed

in the analyte ahead of the measurement event.
Article 2

All HPLC experiments were conducted using a Agilent 1100 HPLC and recorded using
Chemstation package (Agilent, CA, USA) and performed in triplicate (n=3). Polymer
characterisation was executed using a mobile phase consisting of 50:50:0.05 water: MeCN: formic

acid.

All milk samples were prepared identically. For powdered samples, they were mixed with water to
a concentration of 1 gram in 10 mL. Samples were then mixed in falcon tubes at a ratio of 1:1 with
the acetonitrile and spiked with melamine to a concentration of 10 uM and agitated for several
minutes. The solids were then separated from the liquid via centrifugation at 5000 RPM for 5
minutes. For adequate separation to occur, the organic fraction of the mobile phase was increased so
that it was then 25:75:0.05, water: MeCN: formic acid. All samples were also prepared and
analysed without adulteration with melamine to confirm their purity and also to establish a base

line.

UV detectors were set to wavelengths of 204 and 240 nm. The dead volume, to, of the column was
determined by the retention time of an injection of the mobile phase containing 10% acetone.
Recovery fraction was calculated as the area under the curve of the peak relative to the area under

the curve created by the analyte when injected without a column present given by equation 1.
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Revoveredconcentration 100

Recovery = - - X
y Injectedconcentration 1

1)

The retention factor 'k’ was calculated using the formula give in equation 2.

tT‘ - tO
= tO

k

()

Where t; is the retention time of the analyte taken at maximum peak height and t, is the dead

volume of the column. The separation factor 'c' of the polymer was calculated by equation 3.

_ kmelamine

=
(3)

Where the subscript denotes the k value for each respective analyte; all calculations were done

relative to Kmeiamine- The imprint factor 'a' of the polymer was determined using equation 4.

_ kwmip

a =
kNIP

(4)

The theoretical plate number, representing the degree of interaction between the analyte and the

polymer, was calculated by equation 5.

t
N = 5.545 (—r> 2
Wh

()
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Where t; is the retention time of the analyte and wy, is the peak width at half height; this was
normalised with respect to the length of the column by calculating the height equivalent to a

theoretical plate (H) given by equation 6.

Z| =

(6)
Where L is the length of the column.
3.6 Computational Chemistry
3.6.1 Preparation of virtual molecules
Determination of 3D molecular structures

To attain the appropriate molecule files used in Article 3, 2-dimensional .mol files were either
downloaded from online databases, such, as chemspider, or drawn directly using the Marvin Sketch
program. This file can then be imported into the Chimera molecular visualisation software package,
converted to the .mol2 format and opened in a text editor. The atom and bond types of the molecule
were then inspected and modified where appropriate to ensure structural accuracy following the

energy minimisation (Figure 3.2).
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@<TRIPOS>MOLECULE

ZINCO0001084
24 25 ] o )

SMALL

NO_CHARGES

@<TRIPQS>ATOM
1 C1 -0.0178 1.4608 C:3 1 <6> 0.0000
2 N1 0.0021 -0.0041 N.2 1 <0> 0.0000
3 C2 0.0085 0.7996 Cc.2 1 <0> 0.0000
4 N2 0.0275 -2.0544 N.2 1 <0> 0.0000
5 C3 0.0343 -2.1318 c.2 1 <0 0.0000
6 c4f 0.0238 -0.8312 €2 1 <0 0.0000
7 C5) 0.0338 -0.6202 C.2 1 <0 0.0000
8 01 0.0219  0.5106 0.2 1 <0 0.0000
9 N3j 0.0564 1.6860 N.2 1 <0 0.0000
10 C6| 0.0693 -2.9392 c.2 1 <0 0.0000
11 02 9.0891 -3.8755 0.2 1 <0 0.0000
12 N4 0.0527 -3.1841 N.2 1 <0 0.0000
13 C7, 0.0693 4.5651 c.3 1 <0 0.0000
14 C8| 0.0674 -1.4741 Cc.3 1 <0> 0.0000
15 H1 1.0048  1.8381 H 1 <0> 0.0000
16 H2 -0.5450 1.8219 H 1 <0> 0.0000
17 H3 -0.5280 1.8123 H 1 <0> 0.0000
18 H4j -0.0012 0.4540 H 1 <0 0.0000
19 H5) 1.1010 -4.8936 H 1 <0 0.0000
20 He| -0.4324  -5.2114 H 1 <> 0.0000
21 H7 -0.4482 -4.6180 H 1 <0> 0.0000
22 H8| -0.9574 1.4357 H 1 <0> 0.0000
23 H9| 0.5971 2.2951 H 1 <0 0.0000
24 H1 0.5705 -0.5340 H 1 <0 0.0000

@<TRIPOS>BOND

1 21

2 1 15 1
3 1 16 1
4 1 17 1
< > &

Figure 3.2: Inspection of a caffeine.mol2 file for correct molecular structure using Chimera
visualisation software (left) and a text editor (right) via confirmation of atom number, element

number (green) and atom type (blue)

As atom types cannot be assigned at in .mol format and structural errors are common in
downloaded molecular structures, it is of paramount importance that details such as atom and bond
definitions are double and triple checked to ensure accuracy of the energy minimisation, (Figure
3.3).
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Figure 3.3: Graphic detailing the potential negative effect that incorrectly defined atom and bond

types can have on the energy minimisation process

A two-step energy minimisation was then initiated through using the Openbabel software package
via the 'obminimise’ command through the terminal window. This minimisation was done within
the integrated Generalised Amber Force Field (GAFF), employing the steepest decent and
conjugate gradient optimisation algorithms receptively for a maximum of 200,000 iterations as

shown below for the molecule 'input.mol2'.
obminimize -ff GAFF -n 200000 -sd -omol2 [>input<].mol2 > [>input_sd<].mol2
press ¢
obminimize -ff GAFF -n 200000 -cg -omol2 input_sd.mol2 > input_minimised.mol?2

press ¢
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Preparation of Autodock .pdbqt files

For the experiments described in Article 3, all molecules were opened in Autodock Tools 1.5.6 [7,
14]. The automatic function of merging the non-polar hydrogen atoms (NPHS) to their heavier
parent atom was disabled. For ligand molecules, a torsion tree was created by the detection of the
number of rotatable bonds within the structure. Certain other structural features, capable of forming
bonds were also identified and assigned specific autodock atom types; these were oxygen (OA) and
nitrogen (NA) atoms capable of being acceptor atoms and polar hydrogen atoms (HD) capable of
being donor atoms within hydrogen bonds. Aromatic carbon (AC) atoms were also identified and

specifically defined.

The torsional degrees of freedom (TORSDOF) of each of these bonds were defined relative to a
preselected root atom which acted as a mobility reference within the ligand structure. Gasteiger
charges and NPHS energy was then assigned to each atom where appropriate within the structure
while atom types were simultaneously defined by the bond types associated with said atom. For the
molecule defined as the receptor, an identical assignment process was conducted with the omission

of the torsion tree thus rendering the receptor molecule static and rigid.

Preparation of Gromacs files

Ahead of molecular dynamics experiments detailed in Article 2, on the Gromacs platform, topology
and parameter files were prepared using the ACPYPE under default program parameters through
the terminal window. This was repeated for each molecule to be included in the dynamic
simulation. This process produced 3 files for each input molecule; a .gro, an .itp and a .top file using
the AMBER99sb force field [15]. For a binary simulation to calculate the maximum stoichiometric
ratio, both .itp files were opened in the text editor. The atom types of the FM were moved to the
template file and duplicates were deleted. For both .top files were similarly combined and the
resulting file was saved as a universal topol.top topology file. These files were then ready for use

within a Gromacs simulation.
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3.6.2 Virtual Screening
Autodock VINA

For docking analysis of files using the Autodock VINA algorithm described in Article 3, all
structures were prepared in a manner identical to the preparatory steps for AD4 screening. The
ligand.pdbqt files were named numerically id est, ligand_01, ligand_02 et cetera. A terminal
window was opened and directed to the appropriate working directory containing the VINA
executable file, configuration file and shell script file. A configuration file, a typical example of
which can be seen in Figure 3.4, specified the centre and boundary conditions of the search space
and the receptor file. Additional information such as cut-off energy, maximum number of docking
conformations and search exhaustive could also be included in addition to user-modified parameter
weights. Large ligand libraries could be screened automatically using a basic shell script (Figure
3.5) by submitting ligand files with generic, numerically increasing names. The results of this

analysis could be opened in the PyMol molecular graphics system or directly in the text editor.
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| ] conf.bxk =

receptor = theop_acryl.pdbqgt
center_x = 0

center_y = 0

center_z = 0

size_x = 40

size = 40

size_z = 40

weight_gaussi -0.355790000000

weight_gauss? = -8.051560000000
weight_repulsion = 8.4024560000860
weight_hydrophobic = -8.350690000000
weight_hydrogen = -5.874390000000
weilght_rot = 0.584600000000
num_modes = 10

exhaustiveness = 8

energy_range = 100

Figure 3.4: Screen shot showing a typical VINA configuration file

= vina_screen_local.sh
#! /bin/bash

for f in ligand_=*.pdbqt; do

b="basename S$f .pdbgt’

echo Processing ligand $b

mkdir -p Sb

vina --config conf.txt --ligand $f --out 5{b}fout.pdbgt --log ${b}/log.txt
done

Figure 3.5: Screen shot of the shell script used for high throughput screening of molecules using the
Autodock VINA algorithm
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SYBYL

The molecular modelling protocol employed to determine and rank candidate monomer molecules
for effective binding with the template has been extensively documented elsewhere [16, 17]. This
method used the DREAM operational mode of the LEAPFROG algorithm, a component of SYBYL
(v. 7.3) modelling suite (Tripos Inc., St. Louis, MO, USA) to predict maximum docking affinity
between two molecules. The parameters and relative move frequencies (Table 3.2) upon which the
binding score was calculated, have been optimised to favour hydrogen bonding capacity between
small, finite molecules, and thus place less weight on other interactions such as hydrophobic, n—r or
aromatic bonds [18]. All libraries screened consisted of molecular structures minimised to an
energy of 0.01 kcal-mol™ using the MAXMIN2 command [19].
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Table 3.2: Description of the relative move frequencies used by the Leapfrog algorithm to assign a

docking mode and affinity score to the intermolecular complex

Parameter Default Optimised
Description
name weight weight
Join Join different fragments 2 0
Fuse Fuse candidate fragments 0 0
New new ligand is started by aligning fragments 5 10
Fly Alternative minimum energy ligand orientations 2 0
Twist Conventional minimisation 2 5
Refine Improves newly identified ligands 2 0
Bridge Considers all fragments as bridges 2 0

Chooses moiety complementary to a cavity
Complement _ 2 0
group as a ligand

Save Saves ligands that satisfy specifications 2 5
Weed Discards all but the 10 best ligands 0 1
Generates best hybridizations among similar
Crossover 0 0
molecules

Can delete moieties of a known ligand on the
Prune ) ) ) 0 0
basis of their energy with the receptor

For the experiments detailed in Article 2, three libraries were compiled to be used in the MIP design
process. A range of acidic, basic and neutral FMs were modelled with additional charged structures
where appropriate. These were acrylamido-2-methyl-1-propanesulfonic acid (AMPSA), acrylic acid
(AA), itaconic acid (I1A), methacrylic acid (MAA), trifluoromethylacrylic acid (TFAA), allylamine,
1-vinylimidazole (VD), 2- & 4-vinylpyridine (VP), N,N-diethylamino ethyl methacrylate
(DEAEM), N,N'-Methylenebisacrylamide (MBAA), Ethylene glycol methacrylate phosphate
(EGMP), acrylamide, 2-hydroxyethyl methacrylate (HEMA) and styrene. The cross-linking
monomers modelled were selected to include range of compounds: m- & p- divinylbenzene (DVB),

mono-, di-, tri & tetra- ethylene glycol dimethacrylate (EGDMA), trimethylolpropane
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trimethylacrylate (TRIM). A combination of commonly used porogens and solvents with known
melamine solubility were modelled; these were dimethylformamide (DMF), acetonitrile,

chloroform, ethanol, methanol, acetone, ethylene glycol, DMSO and water.

3.6.3 Simulation of molecular dynamics

Gromacs

Using the molecule files prepared using the ACPYPE program, a virtual triclinic virtual box with
right angled vertices and 3 nm edges was created using the editconf command through a terminal

window using the Gromacs 5.0 molecular dynamics software package (Figure 3.6).

M &% ferdia@ferdia-ThinkPad-55-5540: ~/Desktop/test

gmx editconf -f montene.gro -o alle.gro -d 1.5 -bt triclinic -angles 9@
98 98

Read 23 atoms
Volume: ©.150896 nm~3, corresponds to roughly @ electrons
No velocities found
system size : ©0.673 0.493 0.455 (nm)
center : ©.335 -0.183 -0.029 (nm)
box vectors : ©.672 0.493 0.455 (nm)
box angles : 90.00 90.00 90.00 (degrees)
box volume : 0.15 (nm~3)
shift : 1.502 1.930 1.757 (nm)
new center : 1.836 1.747 1.727 (nm)
new box vectors : 3.673 3.493 3.455 (nm)
new box angles : 90.00 90.00 90.00 (degrees)
new box volume : 44.33 (nm~3)

WARNING: Your box is triclinic with non-orthogonal axes. In this case, theg
distance from the solute to a box surface along the corresponding normal
vector might be somewhat smaller than your specified value 1.500000.

You can check the actual wvalue with g_mindist -pi

gcq#385: "During my undergraduate work I concluded that electrostatics 1is
unlikely to be important [for enzymes]" (Arieh Warshel, Nobel lecture 2013

Figure 3.6: Gromacs report following the creation of the virtual box alle.gro

This box was then filled to capacity with the FM molecule using the insert-molecule command
which typically amounted to approximately 150 molecules or 2-3000 atoms in total. The system's
energy was minimised in 4 minimisation steps. The first two processes employed the steepest

decent and conjugate gradient algorithms respectively. The DPOSRES option was specified within
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the .mdp parameter files to apply position restraints to the system-atoms to initially maintain the
template the centre of the box, in contact with the maximum quantity of molecules. A further 2
minimisation processes were conducted with full atomic mobility for all molecules (id est without
the DPOSRES confinement). Following these 4 energy minimisation processes, 2 further geometric
optimisation (GO) processes were implemented. The first of these was carried out at 1 atm by
performing 1 ns of gradual annealing, thus the temperature was gradually increased from 0 to
300°K. The second GO simulation, a relaxation step, was conducted under a constant temperature
and pressure 300°K and 1 atm for 200 ps. The system was geometry optimised in two cycles
comprising 800 steps of steepest descent followed by 3,000 steps of conjugate gradient. During the
GO phases, Berendsen thermostat and barostat [20] were applied to control the temperature and
pressure, respectively. The LINCS algorithm [21] as used to constrain all bond lengths involving
hydrogen atoms and an integration time step of 2 fs was used, to be well inside the frequency of
typical light organic bonded atoms. Periodic boundary conditions (PBC) were applied. Long-range
electrostatic interactions were treated using the particle mesh Ewald (PME) method [22]. The cut-
off radius for the real part of the electrostatic interactions, as well as for the van der Waals
interactions was set to 1 nm. At the end of these GOs, The virtual box (Figure 3.7) the hydrogen
bonds involving the template molecule were identified using the hydrogen-bond analyser
(Hbonanza) python script [23]. The resulting complex was then isolated and saved as a separate file

with the appropriate extension for further use or analysis.
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Figure 3.7: A typical virtual box containing 1 molecule of norepinephrine and 147 molecules of the
FM, HEMA, following the molecular dynamics, simulation detailed above, with the resulting

hydrogen bonds being shown in blue

SYBYL

Determination of the stoichiometric ratio of template-FM was done via an established simulated
annealing process using the SYBYL molecular modelling suite. A virtual cubic box containing one
template molecule was packed with monomers until saturation capacity. The box was then reduced
to its minimal dimensions to guard against excessive expansion of the mass as a result of repulsion

between the molecules during the simulation. This box was then heated to 600°K and temperature
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was reduced in four 25 femtosecond steps to 300°K during which time the initially high mobility of
the molecules had decreased to a relaxed state of lowest energy and thus permitting the formation of
a complex with the template molecule. Once the simulation was complete, shown in Figure 3.8 the
stoichiometric ratio was determined visually by observing the number of monomers bonded to the

template molecule.

Figure 3.8: Example of a typical molecular dynamics simulation using the SYBYL molecular

dynamics suite containing 1 molecule of theophylline and 153 molecules of the FM, HEMA
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4. Results and Discussion

4. Results and discussion

The aim of this thesis, as has been stated in the preceding chapters, is to explore the possibility
using MIPs in high longevity sensing systems and sensor arrays. This line of research was begun in
January of 2012 with the replication of already optimised imprinting protocols from the literature
and then the immobilisation of the MIPs produced onto a voltammetric sensor surface. The results
of this research were finally published in 2015 in the Microchimica Acta journal (Article 1). While
the molecularly imprinted electrochemical sensor reported in this article was successful as a
standalone sensor, it has inherent disadvantages which provided very valuable insights into the

requirements of both imprinted sensors and sensor arrays.

Following this first project, a secondment in the laboratory of Professor Sergey Piletsky at the
University of Leicester (UoL) was undertaken which took place during the calendar year of 2014.
The work of this secondment focused in greater depth on the imprinting process itself and the
effects of each individual component used in the synthesis on the MIP. Within this work, the highly
developed molecular modelling resources of the research group were also taken advantage of. These
were the computationally assisted selection of an optimal combination of functional and
crosslinking monomers for both the selectivity and specificity of the MIP receptors, and also
molecular dynamics computational protocols which were used in the optimisation of the MIP

protocol. A further collaboration with the computational chemistry research group within the
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University of Verona was also instigated during this time. This group, through the expertise of PhD
student Mr Mirko Busato, replicated UoL's dynamics protocol using the open source '‘Gromacs'
software package. The MIP produced from this effort was then used to create an imprinted HPLC
column sensor. In contrast to the first imprinted electrochemical sensor, the imprinted HPLC
column sensor had none of the issues of sensor regeneration which had been one of the principal
issues of that prior attempt. The results of this secondment have been written up and have been
submitted to the Separation Science and Technology journal and are currently pending acceptance
(Article 2).

Following on from the experience gained in the UoL with respect of computational molecular
modelling, a novel protocol was developed using the open-source molecular docking software,
Autodock. The ability to define receptors as rigid structures allowed for a totally new method of
evaluating template-FM combinations as candidates for imprinting protocols. This predictions made
by this technique have been correlated with experimentally acquired results extracted from the

literature and published in the Macromolecular Bioscience journal this year (Article 3).

The results and discussion coming from this research has been arranged into Article sections with
each section relating to a unique line of research. Sections 4.1, 4.2 and 4.3 detail the results coming
from Articles 1, 2 and 3 respectively. All published Articles are reprinted in chapter 6, while all
Acrticles submitted and pending decision are reprinted in the Annex. Following the presentation of
the results in this chapter, the proceeding chapter will detail the currently on-going and future work

which has been instigated and inspired by the effort of this thesis.

Article 1 - F. Bates and M. del Valle, Voltammetric sensor for theophylline using sol—gel

immobilized molecularly imprinted polymer particles, Microchimica Acta. 182 (2015) 933-942.

Article 2 - F. Bates, M. Busato, E. Piletska et al., Computational design of molecularly imprinted
polymer for direct detection of melamine in milk [Manuscript submitted to Separation Science and

Technology]

Article 3-F. Bates, M.C. Cela-Pérez, K. Karimet al., Virtual Screening of Receptor Sites for
Molecularly Imprinted Polymers, Macromolecular Bioscience (2016).
d0i:10.1002/mabi.201500461
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4.1 Voltammetric sensor for theophylline using sol-gel immobilised molecularly imprinted

polymer particles

The synthesis of sensors incorporating MIPs is feasible though the reproducibility of such
techniques can be difficult due to the large number of interdependent steps. For this reason the
attention of laboratories, both specialist and non-specialist alike, tend to focus more frequently on
the synthesis of MIP particles. There is, however, a lack of protocols for immobilization of these
particles. Herein is presented a sol-gel based method for immobilisation of MIP particles for use in
an electrochemical sensor. The macroporous particles were prepared using precipitation-
polymerisation and imprinted with theophylline. The sol-gel was combined with graphite
microparticles (50 um) and the composite was deposited on the surfaced of an epoxy-graphite
electrode. The sensor was then tested for its response to theophylline using differential pulse
voltammetry. A limit of detection of 1 pM was observed and a relative standard deviation of 6.85%.
The electrode can be regenerated via a thermal washing process which is accompanied by signal

loss of 29.3%. Any further regeneration caused a signal loss of 2.4% only.
4.1.1 Particle synthesis and sol-gel immobilisation

Microspheres were chosen for sol-gel immobilisation due to their small size and high homogeneity.
Traditional monolith particles from a bulk polymerisation procedure was rejected due to the
thickness of the membrane relative to the particle size which was seen to greatly reduce the
availability of the MIP on the electrode surface and thus cause poor inter-electrode reproducibility.
A larger particle size of a methacrylate based polymer would also greatly reduce the surface area
available for electron transfer between the MIP recognition element and the conducting graphite
thus reducing the electrode-signal. The synthesis protocol used employed a ratio of 1:4 MAA:
EGDMA to ensure high crosslinking and optimal rigidity to maintain binding site morphology
within the polymer matrix and thus maximise the selectivity of the final sensor. The yield following
template removal was 563 mg, calculated as an efficiency of 64% by weight, 24% less than that
given by Ye et al. [1] . This drop in yield efficiency is speculated to have originated from the lower
centrifugation speeds that were used during the template removal process of the synthesis. SEM
analysis confirmed the formation of highly uniform spherical particles (Figure 4.1 a & b). A
superficial roughness or ‘wrinkled’ surface was observed on the MIP particles; an advantageous
feature of macroporous particles due to the increment in surface area it provides. This surface area
is permanent both in the dry state and does not require solvent-related swelling to provide access to

the pores [2] . A subsequent statistical analysis (Figure 4.1 c¢) found the particle size distribution to
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be in keeping with that published in the literature. 54% of the particle yield was made up of sizes at
970 nm while 96% of the yield was above 665 nm. In contrast to the large positive skew seen in the
distribution of the MIP particle synthesis, the NIP control saw a quite narrow (¢ = 33.1 nm), normal
distribution of particle sizes; with 46% of the yield being sized at the mean value and 86% of the
total being at or above the mean of 116 nm, shown in Figure 4.1 d. The greatly diminished particle

size demonstrates the sensitivity of precipitation polymerisation protocols to the choice of template.
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Figure 4.1: SEM of uniform spherical Theophylline-Imprinted Polymer particles (a) and the NIP
control (b); Statistical analysis of MIP particle size distribution with a mean of 819 nm and standard
deviation of 153 nm (c) and statistical analysis of NIP particle size distribution with a mean of 116
nm and standard deviation of 33 nm (d)

4.1.2 Optimisation and determination of deposition, drying and regeneration sol-gel

conditions

In order to obtain a sensing surface usable for voltammetry, it was decided to immobilise the

obtained MIP microspheres within a sol-gel matrix. The necessity to modify the original protocol,
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as optimized by Patel et al. [3-5], stemmed from the need to shift from a ‘MIP coated’ sol-gel to
sol-gel-immobilised MIP particle. The increase in the graphite particle size, from 1-2 um, as was
used in the original protocol, to 50 um, obliged the modification of the deposition method and
electrochemical procedure. In contrast to the robustness of the gel of the original protocol, the
newly devised concoction was found to be prone to cracking when dried at low-pressure as
recommended by Patel et al. Optimal results were seen when the electrodes were chilled following
the deposition and distribution (spin coating) and allowed to dry over night at ambient pressure.
Though signal intensity was seen to be proportional to gel thickness, an optimised deposition
volume of 10 pL on the graphite-epoxy composite electrode was chosen as larger deposition
volumes were seen to increase the instance of crack formation on the gel surface, a finding
consistent with the literature [6]. Though it is possible to negate the instance of crack altogether as
well as achieve extremely high film uniformity via multiple depositions [7], the high surface area
seen to occur from a single deposition caused by the surface roughness was not replicated when
multiple layers were built up on the electrode surface. The reduction in the deposition volume from
that originally used was also motivated by the decrease in solution thickness that was seen with the
use of an increased grain size of graphite. The increased liquidity of the solution predisposed it to

spill from the surface of the electrode during spin-coating and thus a higher volume was not used.

The reduced density of the gel relative to original protocol caused the aggressive electrochemical
cycling or sustained high-voltage pre-treatments to be detrimental to the structural integrity. This
came contrary to the robustness the previously publish gel presented by Patel et al. [5] where it was
endured repeated and extended durations at 2 V without degradation.

The other strategies for signal augmentation of methylxanthines also were discounted. In the system
reported by Alizadeh et al. [8], an extraction of the analyte from the sample solution by the
electrode was followed by its immersion in strong acid which served to greatly augment the signal
strength. Such a technique was not possible as the use of strong acids during voltammetric
measurements caused the deterioration of the gel through the continuation of hydrolysis in the sol-

gel within the membrane.

In the first instance, a standard phosphate salt buffer was chosen as a detection medium. Though
binding and extraction of the imprinted template is most effective in neutral to slightly basic pH
buffers, acidic pH buffers are also widely used for signal augmentation Electrochemical sensor for
folic acid based on a hyperbranched molecularly imprinted polymer-immobilized sol-gel-modified

pencil graphite electrode [9, 10] and indeed, a low measuring pH was chosen in keeping with the
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recommendations of Spataru et al. [11]. The use of such a buffer combines the binding and signal
augmentation requirements to allow for a facile single step detection process without losing the

imprinting effect of the MIP relative to its control.

Upon deposition, the sol mixture was evenly distributed using a home-made spin coater. The time
period, 60 seconds was chosen as it was observed that excessive time spend in this fashion caused
uneven evaporation of the solvent and thus crack-formation. When dried, the thickness of the
membrane was measured using a 3D confocal microscope (Figure 4.2 a). It was observed that
though the greatest thickness remained at the centre of the electrode at the site of the deposition, the
overall distribution of membrane thickness was relatively uniform varying from approximately 200
pum at the extreme peripheries of the electrode to 300 um at the original deposition point. This
variation was seen to arise from the decrease in solution thickness, as well as graphite particle
quantity, which occurred when the graphite particle size was increased while the mass proportion
remained constant thus decreasing the in-situ availability of the graphite causing a radial gradient to
be observed. Increasing the mass proportion of the graphite in order to compensate this reduction,
though aiding in the homogeneous distribution of the gel upon disposition, provoked an increased
occurrence of crack formation in the sol-gel surface upon drying which obliged a reduction in

deposition volume and decreased signal strength.
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Figure 4.2: 3-dimensional surface profile and film-thickness of sol-gel on electrode surface obtained
by confocal microscopy examination (a) SEM images of a deposited sol-gel membranes containing

graphite only (b) and the sol-gel immobilised MIP and NIP microspheres (c & d)

It was seen that the MIP particles preferentially occupied the surface of the sol-gel electrode,
clustering around the graphite particles (Figure 4.2 b — d). This orientation is advantageous as it
reduces the incidence of non-specific interactions between the analyte solution and the graphite
particles and thus maximises the specific binding events between the MIP particles and the target
analyte. The high availability of the MIP particles at the surface of the sensor also allows for a
reduction in the immersion time in the analyte required before measurement can occur as well as

allowing the sensor to be regenerated as will be discussed below.
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Figure 4.3: Optimisation of the concentration of polymer particles in the MIP-DMF suspension
used in the synthesis of the MIP-sol-gel membrane (®) and NIP-sol-gel control electrode (<) up to
30 mg/mL for 0.27 mmol of theophylline

The volume of MIP particles in the sol-gel membrane was determined through varying their
concentration in the MIP-DMF suspension that was used during the synthesis of the sol-gel
membrane (Figure 4.3). It was found that 15 mg/mL caused the greatest augmentation in signal
strength for the MIP-sol-gel electrode after which point the insulating effect of the methacrylate
particles overrode the imprinting effect of the MIP. Interestingly, a linear decrease in oxidation
potential was observed with respect to polymer concentration in the sol-gel. In the case of
Theophylline this decrease was from 1.22 V the lowest concentrations tested (0 - 7.5 mg/mL) to
1.09 V for the highest (30 mg/mL).
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Figure 4.4: Dynamic response of MIP-sol-gel electrode (®) and NIP-sol-gel control electrode (:)
toward the primary imprinted methylxanthine (Theophylline) in a pH =3 phosphate buffer solution

at a concentration of 0.27 mmol

4.1.3 Electrochemical Characterisation

The devised theophylline sensor made by the immobilisation of MIP microspheres employing a sol-
gel matrix was subsequently used in adsorptive stripping voltammetric determination of the alkaloid
using DPV. An accumulation time of five minutes was chosen for measurements, as a minimal
signal increase occurred subsequent to this which was also accompanied by an increased inter-

electrode signal heterogeneity which caused (Figure 4.4).
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Figure 4.5: DPV voltammograms of the MIP-sol-gel electrode for caffeine, theophylline,
theobromine and 1,7-dimethylxanthine at a concentration of 0.27 mmol/l, t = 5minutes, range 1 -
1.7 V, a duration of 300 ms, pulse potential of 0.01 V and scan rate of 0.04 V/s

When different methylxanthines were assayed with the prepared electrode, oxidation peaks of 1.14,
1.18, 1.36 and 1.4 V were observed for 1,7-dimethylxanthine, theophylline, caffeine and
theobromine respectively (Figure 4.5). The peak cross-responses of Theobromine and Caffeine at
pH = 3 were consistent with that set forward by Spataru et al. [11]. The buffer pH was specifically
selected with a view to both maximise the oxidation potential of the target analyte itself and the
performance of the receptor itself, an often tricky balance to find [12]. A buffer pH of 3 was seen to
be the optimal balance between the electrochemical signal produced by the sensor and the
enhancement of the affinity MAA-based imprinted receptor towards its target, theophylline [13].
The peaks observed for the secondary analytes were broader than that of theophylline most

probably due to the lower incidence of binding events occurring at the surface of the MIPs.
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Figure 4.6: Oxidation peak heights of the MIP-sol-gel electrode (solid bars) and NIP-sol-gel
electrode (white bars) for caffeine, theophylline, theobromine and 1,7-dimethylxanthine at an
analyte concentration of 0.27mmol/I

Signal intensities were extracted from the profiles using the Dropview 8400 computer software and
averages were made (n=5). Relative standard deviation (RSD) was calculated as 6.85% for the
primary target and an intensity of 258.1% (relative to control NIP-sol-gel electrode) (Figure 4.6).
Lesser differentiation was seen between 1, 7-dimethylxanthine, caffeine and theobromine which
yielded intensities being only 168.1%, 125.6% and 119.7% with respect to their controls. Though
uric acid, acetaminophen, ascorbic acid and glucose were also tested, no oxidation peaks were

produced within the measurement range.
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Figure 4.7: Regeneration of MIP-sol-gel electrode (@) and NIP-sol-gel control electrode (=) using
thermal-acidic treatment calculated from n = 5 replications

Regeneration of the MIP-sol-gel immobilised electrode was attempted. The temperatures, 60-65°C,
duration of 10minutes, and acidic strength of 0.05 M HCI, were optimised. Similar to that found
during the optimisation of the deposition of the gel, strong acid and sustained augmented
temperatures were detrimental to the integrity of the sol-gel structure; thus the parameters were
determined. It was also seen that use of the electrode immediately following regeneration caused
erratic results; this is believed to be due to the electrode body acting as a thermal battery, thus a
relaxation period was required to return the electrodes to a base level.

As was observed by Alizadeh et al. [8], measurements subsequent to the initial binding event
decreased in intensity. Such was the behaviour seen in the MIP-sol-gel electrode whereby all
measures following the first were approximately 70.7% of the initial measurement (Figure 4.7). It
was seen, however, that the linear pattern seen from the first regeneration cycle one was consistent
for up to 40 regeneration cycles (not shown) with an average signal loss of 2.35% per cycle. The
initial 29.3% decrease, followed by a greatly reduced loss of signal is due to the occupation of the
deeply-seated, high affinity binding sites within the MIP particle structure which cannot be
completely cleaned following the initial binding event. The subsequent preferential recognition of

the analyte exhibited by the MIP-sol-gel electrode can be attributed to binding sites located on the
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aforementioned ‘wrinkled’ surface of the particles which are not present on the surface of the NIP
particles. The efficacy of the regeneration of the sensor hinges on the use of macroporous
microparticles instead of a bulk-polymerised monolith whereby a permanent and heterogeneous

pore structure allows the unhindered removal of the template form the particle surface

The limit of detection (LOD) of the sol-gel immobilised MIP was seen to be 1 uM (y = 53.436x +
0.0053; R? = 0.984), consistent with the LODs of conductive sensors employing similarly
synthesised un-specialised MIP particles (Table 4.1). A lower LOD was not possible to confirm due
to the increasingly poor signal-to-noise ratio caused by the aforementioned interference originating
from background currents created by the electrode inherent to the detection of methylxanthines. The
authors believe that lower LOD would be possible with the incorporation of a conducting core into
the MIP particles during their synthesis so as to augment the signal within the sensor rather than in

the solution.
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Table 4.1: Comparative table of different immobilisation methods for unmodified MIP particles

onto conductive electrodes

Template

Hydroquinone

1-
hydroxypyrene

Caffeine

Theophylline

Monomers

MAA/TRIM

Styrene/DVB

MAA/EGDMA

MAA/EGDMA

MIP format

Macroporous

microspheres

Macroporous

microspheres

Monolith

Macroporous

microspheres

Immobilisation

method

Agarose gel on
glassy carbon

electrode

Carbon ink on
screen printed

electrode

Integrated in
carbon paste
electrode

sol-gel on
carbon paste

electrode

1uM

0.1mM

0.6 nM

1uM

Operational

lifetime

N/A

N/A

N/A

40 cycles

Ref.

[14]

[15]

[8]

This

work
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4.2 Computational design of molecularly imprinted polymer for direct detection

of melamine in milk

Following the initial attempt to create a reusable imprinted sensor with limited success, a further
study was carried out into both the fundamentals of the design process of an imprinted receptor and
selection mechanism of each of the components which form the MIP, namely the FM, crosslinker,
porogenic solvent and radical initiator. The fact that the analytes targeted by ET sensor arrays are
often low solubility and present in trace quantities can put the requirements of the traditional
imprinting process at odds with the specifications of the detection environment. With this in mind, a
novel protocol for the imprinting of melamine was devised. The design of the MIP was achieved
using a combination of computational techniques developed by the UoL and in-house laboratory
trials, with the former greatly reducing the duration of the latter. The compatibility and mutual
effect of monomer and solvent candidates were also investigated from the perspective of
maximising the imprinting factor (IF) and minimising the negative interfering effects of the
molecules supporting the actual imprinted receptor, id est, the crosslinker, porogenic solvent and
radical initiator. Two novel open source tools were presented which are: the online polymer
calculator from and the application of the Gromacs modelling suite to determine the ideal
stoichiometric ratio between template and functional monomer. The MIP binding was characterised
for several structural analogues at 1-100 uM concentrations. The use of DVB as cross-linking
polymer and itaconic acid as functional monomer allowed synthesis of MIP with factor for
melamine IF=2.25. This polymer was used in HPLC for the rapid detection of melamine in spiked
milk samples with an experimental run taking 7-8 minutes. . This approach introduced and

demonstrated the power of virtual tools in accelerated design of MIPs into this research project.

4.2.1 Solvation of melamine into the porogen and the use of computational

modelling

As the objective of this work was to produce a molecularly imprinted bulk porous polymer resin,
suitable for use as a HPLC column packing media, several criteria had to be satisfied. The first and
foremost of these is to find a combination of template, FM and solvent which may facilitate the
formation of template-FM complexes which could then be physically secured in place via
subsequent polymerisation of a co-monomer. Computer modelling offers an accurate way to
accelerate the selection process by creating a short list of candidates from larger libraries which

may then be tested in the laboratory. In bulk imprinting, the template must be dissolved in the
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porogen at a concentration somewhere in the range of 0.25 — 0.4 mol-L™ . This concentration
ensures a high number of binding sites while still ensuring a high percentage of cross-linking
polymer to maintain structural rigidity. However, the high template concentrations typically present
in the MIP solution can also significantly affect its thermodynamic stability and cause significant
differences in all families pore morphology relative to the NIP control as summarised in Figure 1.13
in the introductory chapter.

Ahead of laboratory tests, melamine was screened against virtual libraries of common FMs, cross-
linkers and solvents. This was done primarily due to the exceptionally poor solubility of the
molecule in the conventionally used porogenic solvents. A search of the literature for melamine
non-covalent imprinting protocols showed the most commonly used solvating porogen was either
pure methyl alcohol [16,17] or a mixture of water and methyl or ethyl alcohol [18,19]. Two further
works reported the successful detection of melamine using cyromazine, a structural analogue of
melamine, as a template and water-alcohol binary porogenic solvent [20, 21]. One additional work
also reported the successful use of benzene [22] as the porogen. All these cited works used the
methacrylate monomers MAA and EGDMA and relied on strong solvent interactions in addition to
the enhancement of template solubility provided by the FM. While it is clear that such attempts
have yielded favourable results, the apparent necessity to employ solvents of high polarity and
hydrogen-bonding capacity must be assumed to be a significant source of disruption to the

formation of high affinity template-FM complexes in the solution [23, 24].

An alternative to this approach is the use of ethylene glycol as a porogen in order to dissolve the
melamine [25]. While melamine has comparatively high solubility in ethylene glycol, it also has
extremely high hydrogen bonding capacity and viscosity making it a challenging candidate for use
as a porogenic solvent [23]. The solution employed by Yusof et al. was to use an imprinting
mechanism based on aromatic and Van der Waals interactions between melamine and 9-
vinylcarbazole. Mechanical mixing was used to facilitate radical mobility within the solution and to

reduce autoacceleration.

Computational modelling and laboratory trials

Since the existing protocols did not satisfy the requirements of this work, methodical laboratory
pre-polymerisation trials were conducted to find an optimal combination of FM and solvent which

would facilitate the solvation of melamine at a sufficient concentration and ultimately produce an
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effective MIP. The ab initio use of virtual screening models in concert with laboratory trials to
confirm these predictions ahead of any polymerisation event allows for the negation of any
intermolecular differences in monomer reactivity which might otherwise affect the apparent results
if the affinity of the FM candidates were compared in their polymerised form. Computationally
determined affinity rankings were used to create a logical order of candidates. A summary of these

results can be seen Figure 4.8.
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Figure 4.8: Histogram summarising the binding affinities of functional monomer, cross-linker
monomer and solvent molecules for melamine as calculated by the SYBYL molecular modelling

platform

Though the virtual scoring algorithm employed (described in detail elsewhere [26]), is optimised to
predict the probability of hydrogen bond formation and strength, it cannot predict to what degree
the intermolecular affinity and the formed complex will affect or augment the individual solubilities
of each of the two molecules when combined in a solvent. Due to the poor solubility of melamine in
organic solvents, the enhancing effect of the FM was heavily relied on its ability to dissolve it.
Melamine's three amine groups, causing it to have a weakly basic nature, are most disposed to
complex with acidic functional groups with respect to the enhancement of its solubility. Monomers
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HEMA and acrylamide were unable to dissolve melamine in any solvent to the degree where

conventional methods of molecular imprinting would be feasible.

Having failed to dissolve melamine in several conventional porogenic solvents, it was observed that
each of the three acidic FMs, shown in Figure 4.8, could enhance the solubility of the template in
DMSO to a level of 0.25 mol-L or 1 mmol in 4 mL. This implies e.g. an increase of template
solubility by one order of magnitude for melamine, caused by the addition of the 1A [27]. DMSO,
though less commonly used than porogens such as DMF, acetonitrile or chloroform due to its
relatively high polarity in addition to its augmented hydrogen bonding capacity and Hansen
solubility parameters (61) [23,24] may be acceptable where the template-FM complex is
sufficiently durable. This is also reflected in the similar melamine-affinity scores given to both of

these solvents by the molecular model (Figure 4.8).

Selection of the cross linking monomer

For bulk synthesised MIPs, the addition of the cross-linking monomer can significantly alter the
equilibrium of the solution. This equilibrium shift is especially apparent when the template
molecule is present at saturated levels or if the complex between the FM and template is weak. Such
a change in solution parameters can lead to the precipitation of the template in solution through the
breakage of the stabilising bonds within the dissolved complex. While the use of a cross-linking
monomer with higher template affinity may guard against this precipitation of low solubility
templates, the consequence of this may be a higher incidence of non-specific interactions during
post-polymerisation testing and use of the MIP.

Di-, Tri-, and Tetra- EGDMA exhibit increasing hydrophilic character. These monomers can be
used as cross-linkers when a low solubility template or an unstable template-FM complex is being
imprinted [28, 29]. The presence of an increasing number of oxygen atoms might also augment the
probability of non-specific binding since they can each be employed as acceptor atoms in the
formation of a hydrogen bond [30]. This can lead to lower specificity and poor imprint factors (IF).
Conversely it is preferred to use cross-linking monomers which exhibit low affinity towards the
template and thus does not compete with the binding mechanism of the template-FM complex. One
combination of such a MIP is the use of MAA and DVB as FM and cross-linker respectively [31]

whereby the VdW interactions between a template and cross-linker do not interfere with stronger
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hydrogen-bonds formed by the template and FM at the receptor site as due to the nature of each's
primary structural feature (Figure 4.9).

Figure 4.9: Superimposed docking modes of IA and DVB to melamine as predicted by the AD4
scoring algorithm with the latter exclusively interacting with the central aromatic ring and the

former interacting solely with the peripheral amine groups

One of the most commonly used FMs, MAA, was rejected for this work because its predicted
affinity was deemed too similar to that of the porogen DMSO. This has been confirmed by poor
stability of melamine in a corresponding monomer mixture containing MAA. This precipitation did
not occur when the higher affinity cross-linkers, EGDMA or DEGDMA, were added. These
methacrylate monomers were also rejected as the affinity of these cross-linkers to melamine was
interfering with the melamine-FM complex.
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Ultimately, the combination of melamine, 1A, DVB and DMSO for template, FM, cross-linker and
porogen respectively, was considered to be optimal. The strength of the melamine-IA complex
could also be immediately observed due to the stability of the solution upon the addition of the low

affinity cross-linker DVB to monomer mixture, where no precipitation was observed.

Though IA and DVB was seen to be an excellent combination for the formation of a highly
selective MIP, the necessity to use DMSO as a porogen in order to dissolve melamine raised
concerns about the dynamic miscibility of the solution during polymerisation. Though the
difference in o7 is an initially negligible issue due to the relatively low molecular weights of the
(mono) DVB and DMSO, it becomes a hindrance to the homogeneous dispersion of DVB
throughout the DMSO during polymerisation as the chain length and augmented molecular weight
finally induces phase separation [32]. To confirm the feasibility of the use of DMSO as a porogen in
this scenario, DVB polymer blanks were prepared using DMSO as well as the more commonly used
porogens, chloroform and acetonitrile. SEM micrographs were taken to view the effect of the
porogen on the formation of the second and third family pore structures with respect to increasing
ot [33].

As can be seen in Figure 4.10, the pore structure of the chloroform-DVB polymer shows high
homogeneity with all microspheres completely merged. The intermediate 61 Of the acetonitrile-DVB
combination yielded adequate third family pore formation albeit with the merged microsphere-
aggregates clearly visible in the morphology. Apparent puckering in the surface of the DMSO-DVB
shows the endurance of the early stage microsphere-morphology due to a more abrupt phase
transition. However, an acceptable third family pore structure is visible to a degree comparable to
that of the acetonitrile-DVB polymer and was thus deemed satisfactory for use as a porogen for the

DVB polymer.

Figure 4.10: SEM micrographs showing the effect of differences in 6t and polymer-porogen
miscibility on third family pore formation and homogeneity for (a) chloroform-DVB, (b)
acetonitrile-DVB and (c) DMSO-DVB
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4.2.2 Thermodynamic calculation of stoichiometric ratio and MIP composition

As an improvement on the standard 1:4 ratio generally employed in laboratory syntheses [34],
determination of the ideal stoichiometry of a potential template-FM combination can allow for a
greater deal of insight during the polymer and protocol design process. In order to optimise MIP
composition, the knowledge of the ideal stoichiometric ratio between the template and FM,
melamine and 1A was required. By calculating the maximum number of FM molecules capable of
forming high quality hydrogen bonds with the template, specificity and sensitivity can be
maximised. This was achieved through minimisation of the formation of lower affinity binding sites
[35].

The use of a computationally determined ratio alone, which is calculated under ideal conditions, has
been reported to produce an inferior MIP with a high incidence of non-specific and heterogeneous
binding behaviour caused by the disruption of the majority of the template-FM complexes by the
solvent and cross-linker [36]. For this reason, an excess of monomer as a ‘factor of safety’ was
added to the calculated ideal ratio. This factor of safety cannot be an unchecked saturation of the
solution with the FM as this can also lead to FM-aggregation or dimerisation, also leading to a net
reduction of receptors within the MIP [34, 37, 38].

Melamine-1A stoichiometric ratios of 6 were calculated by both computational methods attempted
with both complexes showing identical bonds for each (Figure 4.11). This ratio of 6 with respect to
the use of a carboxylic dipole is also independently confirmed by a third method recently published

in the literature [17]. This ideal ratio of 6 was increased to 8 for the practical synthesis of the MIP.
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Figure 4.11: Image of ideal melamine-l1A stoichiometric complexes calculated using parameters
based on (a) the SYBYL modelling platform and (b) the open source Gromacs modelling platform

Thus the newly determined parameters for molecular dynamics protocol utilising the Gromacs open
source molecular dynamics package were doubly confirmed. This confirmation of the Gromacs
protocol is of added interest due to its departure from convention of the relaxation of the FM around
the template via simulated annealing, from elevated to ambient temperature which has been the
method of choice for the calculation of template-FM stoichiometric ratio to date. The Gromacs
process, conversely, relies on a series of minimisation cycles followed by a final geometric
optimisation and relaxation step all of which are conducted below physiological temperature limits

and thus allow the calculation to be applied to thermally sensitive or biological molecules.

Having determined the optimal volumes of melamine, IA and DMSO which were dictated by
stoichiometry and solubility limits, the calculation of the exact volume of cross-linker and initiator
was calculated with the aid of the free online polymer calculator from the MIP database (see
Materials and Methods). This allows for the facile calculation of all molecular and volumetric ratios
with the inbuilt unit conversion facility. In this way, the masses or volumes of all of the
polymerisation mixture can be balanced against the required volume of porogenic solvent, typically
constituting to 50% of the total solution [34].
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4.2.3 Selection of initiator and polymerisation temperature

The rate of radical propagation, of chain growth and the thermodynamic 'goodness' of the solvent
all affect the point at which chain collapse and precipitation into the solution occurs. This
precipitation point can be significantly delayed or advanced depending on the effect of the template.
When the template has a high level of solubility in the porogen, the thermodynamic stabilisation of
oligomer during chain growth leads to an enhancement in pore and precipitate size [39].
Alternatively, as is the case in this study, the decreased stability that melamine imbues to the
growing oligomer was seen to force the precipitation of the chain at a shorter molecular weight and
thus reduce the pore structure and net surface area of the polymer. Adding to the complexity of this
effect is the enhancement of melamine solubility in DMSO with respect to increased temperature
[40] which increases the stability of solvated melamine-lIA complexes though any increase in
temperature will have a similar effect on the rate of radical propagation [41]. A general rule of MIP
synthesis with respect to the formation of selective binding sites is that the process should take
place over a long period of time, at a low temperature and with a low concentration of initiator [42].
However, as is the present case, the final application of HPLC column packing media and the low
thermodynamic stability of the melamine-1A complex required an elevated temperature to maintain
sufficient mechanical rigidity and oligomer stability. The mass of the initiator was, however placed

at a constant value of 44mg or 1% of the total monomer mass.

Two radical initiators were selected for polymerisation both of which had differing rates of
decomposition (kg); AIBN at 60°C and AICN at 80°C decomposing at rates of approximately
17x10° s and 6.5x10° s respectively [41]. The latter can also be initiated via UV excitation at
room temperature. The destabilising effect of melamine on the polymerisation process was most
evident during room temperature polymerisation whereby phase separation was occurring 33%
faster than in the case of the control. This clear and immediate demonstration of oligomer
destabilisation in solution by melamine was reflected when the results of the porosity and surface
area measurements were analysed (Table 4.2). Pore volume was reduced by one order of magnitude
due to this effect with a similar reduction in total surface area. Due to the increased rate of radical
propagation resulting from the AIBN-initiated polymerisation at 60°C, the pore volume was notably
reduced from that of the slower radical production rate of the AICN-initiated polymerisation at
80°C. The pore volume of the NIP control was 140% that of the MIP. While the difference in
surface area between the MIPs and NIPs of the two thermally initiated polymers was comparable,
the very similar pore volume of the AIBN-initiated MIP and NIP cause it to be ultimately selected

for further tests as it allowed for the most accurate analysis of the imprint factor.
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Table 4.2: Summary of porosity and surface area measurements calculated using the N, BET

method
Polymerisation type Pore
Y yp . Pore Surface area
Radical Polymer  vyolume di
E . radius
temperature P8Y Imitiator D : (mg™)
source (ceg™) (A)
MIP 0.0077 9.6 24.61
20°C uv AICN
NIP 0.0265 9.3 75.88
MIP 0.1660 8.8 385.30
60°C Thermal AIBN
NIP 0.1710 8.8 400.10
80°C MIP 0.6670 8.9 432.38
Thermal AICN
NIP 0.9483 8.9 445.10

4.2.4 Mobile phase selection and polymer characterisation

Following its selection as the polymer most comparable to its control, the AIBN-initiated MIP,
polymerised at 60°C, was packed into HPLC columns. The use of the MIP as the stationary phase in
a HPLC flow system has the distinct advantage of reducing the required detection time by
decreasing the number of preparatory steps and negating the need for a separate regeneration
process, as is the case with the more commonly used SPE method of detection. As a goal of this
work was to create such an incorporated sensor, a comprehensive characterisation of the MIP was
carried out under conditions typical to the detection of melamine-contaminated milk [43]. To
facilitate the MIP's accurate characterisation, acidification of the mobile phase was necessary due to
the failure of FM-FM dimerisation events during polymerisation. This dimerisation of surplus
functional groups is essential to minimise non-specific interactions between the polymer and target,
the absence of which may lead to the complete negation of any apparent imprinting event via the
higher incidence of exposed functional groups at the surface of the polymer [34]. This phenomenon
was made apparent by a high retention time, notably greater than that of the MIP, exhibited by the
NIP toward melamine when a purely aqueous mobile phase was tested. This high retention time was
accompanied by broad peak with extreme tailing caused by the exposure of IA-carboxylic groups
on the surface of the NIP. Interestingly, in addition to the reduced retention time, the MIP column
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also showed a greatly reduced level of tailing which was attributed to the higher level of order and
reduced accessibility of the functional groups as more were engaged in a single receptor site at the
MIP surface. The non-specific interactions exhibited by the NIP were disrupted with the
acidification of the mobile phase with a weak acid. With the addition of 0.05% formic acid, the

imprinting factor could be viewed and the polymer specificity characterised.

It was immediately notable that the peak tailing was still present in the NIP control even when the
optimised mobile phase was implemented (Figure 4.12). Tailing was far less of an issue in the case
of the MIP and its narrower peaks were accompanied with increased peak-symmetry. Optimisation
of experimental conditions showed an increase in imprinting factor (o) with respect to reduced
concentration and flow rate with a maximum value of 2.25 (Figure 4.13). A flow rate of 0.5

mL-min™ was ultimately selected due to practicality of the analysis.
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Figure 4.12: Chromatogram of the peak corresponding to a 10 pL injection of (a) 100 pM and (b)
10 uM melamine solution in a 50:50:0.05 water, acetonitrile, formic acid and 0.5 mL-min* mobile

phase
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Figure 4.13: 3D histogram detailing imprint factor 'IF' as a function of flow rate and melamine
concentration; injection volume was 10 pL

Cross-response of the polymer under these conditions could then be analysed. It was seen that due
to the low affinity of the cross-linking polymer, DVB, specificity towards melamine could be
rapidly achieved while secondary molecules were flushed trough the column without any
interaction (Table 4.3). Acetoguanamine, the molecule which exhibited a retention factor (k) most
similar to melamine, is retained notably longer on the non-imprinted polymer than melamine due to
a higher primary affinity towards IA. This order is reversed on the MIP and must be attributed to
the morphology of the imprinted receptors within its structure. Melamine recovery is also superior
in the case of the MIP while for all other secondary molecules tested; the NIP control displayed
improved recovery.
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Table 4.3: Affinity and capacity factors characterising the (a) MIP and (b) NIP for cross response at

a flow rate of 0.5 mL-min™ and a 10 pL injection volume of 10 uM concentration

(a)
Retention
%
time k [} a N H (mm)
Recovery
(min)
melamine 4.20 1.49 N/A 1.39 94.59 43.14 1.16
acetoguanamine 4.07 1.41 1.06 0.91 78.92 29.19 1.71
Cyanuric acid 1.55 -0.08 N/A N/A 38.45 1.09 45.71
triazine 1.74 0.03  44.38 0.05 91.99 56.48 0.89
urea 1.60 -0.05 N/A N/A 108.25 69.30 0.72
(b)
Retention
%
time k o N H (mm)
Recovery
(min)
melamine 3.29 1.09 N/A 83.3 24.61 2.03
acetoguanamine 4.02 1.55 0.70 79.14 9.78 5.11
Cyanuric acid 1.53 -0.03 N/A 56.07 0.27 187.77
triazine 2.58 0.64 1.70 100.09 6.34 7.88
urea 1.79 0.14 7.91 114.77 22.31 2.24

4.2.5 Testing on spiked real milk samples

Having confirmed the efficacy of the imprinting protocol and the resulting polymer, milk samples
were prepared to test the ability of the MIP to detect melamine in its known role as an adulterant in

dairy products. Five samples were selected from local supermarkets in order to encompass a range
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of fat contents and product lifespans (Table 4.4). It was in the screening of these spiked samples
that the limitation of the combined effect of the column length and polymer surface area was made
apparent. The efficiency of separation power of MIP (as well as the Blank) columns did not allow
separation of the melamine peak from all other compounds in all five samples tested (Table 4.3).
For this reason, the organic fraction of the mobile phase was increased by 50% to improve peak
separation. This had the desired effect and good recovery could be observed in four of the five
samples tested (Table 4.5). The powdered samples showed greater levels of absorbance overall,
possibly due to the presence of nondescript fibre within them, stated as being present at levels of
0.1% in sample 5. Improved recovery percentages using this polymer may be achieved with the use
of a longer column which would compensate somewhat for the lower surface area observed in the

MIP resulting from melamine's solubility issues.

Table 4.4: Description and content summary (g/100 mL) of milk samples tested

Sample Description Fats Carbohydrate Protein
Tesco everyday value British skimmed UHT
) 4.8 3.6
milk
2 Pensworth Full fat whole milk 3.6 4.6 3.4
3 Pensworth low fat semi-skimmed milk 1.6 4.7 3.6
4 Tesco everyday value dried milk 0.06 3.0 2.1

Tesco Instant dried skimmed milk with
5 o 0.05 4.6 3.3
added vitamins A & D
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Table 4.5: Recoveries of melamine from the 5 milk samples detailed in Table 3

% of total %0
Sample
area Recovery
1 17.22 94.16
2 17.39 96.11
3 17.28 66.91
4 16.17 90.07
5 14.78 88.87
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4.3 Virtual Screening of Receptor Sites for Molecularly Imprinted Polymers

Using the experience gained from the research activities in UoL, further research into the use of
computational models within the design process led to the identification of a unique feature of the
open source Autodock model which was seen to have potential to provide an unprecedented new
method of evaluating FM candidates with respect to the prospective receptors it could provide
specifically for the design of receptors with a morphology to facilitate the cross reactive
requirement of the Electronic tongue sensor array. This novelty manifested through a unique
property of the virtual molecular docking suite, in concert with established thermodynamic
calculation of the optimal stoichiometric template-FM complex already discussed and referenced in
section 4.2.

The modus operandi of the Autodock algorithm is designed to reduce computational workload and
processing time. To achieve this, the structures of receptors and ligands are independently defined.
Bond types are defined only as connections between atoms while their effect is seen in the partial
charge assigned to each atom when the molecule is save in the Autodock file format. The receptor is
resolved to a static, rigid structure into which mobile ligands can be evaluated for dockability. The
ligand structure is assigned a 'torsion tree' whereby a selected 'root' atom within its structure
provides a reference point from which degrees of rotational freedom are assigned to 'branches'. The
degree to which the receptor can restrict this ligand mobility, along with interactions between each
molecule's structures, calculated via a number of superficially weighted, predefined parameters,
allows Autodock to assign an affinity score to the receptor-ligand complex. This resolution of the
receptor structure to a rigid body allows for the facile and rapid evaluation of these ideal
stoichiometric complexes, created using more highly defined molecular modelling environments
[44].

To demonstrate the potential of this technique, three case studies were selected to showcase
scenarios in which visualization and interpretation of the model system might aid in the
understanding and development of an experimental system. All results were obtained from
independently conducted and experimental works, previously published by the UDC research
group, allowing their findings to confirm the retrospective analysis. These systems are the detection
of hypoxanthine, a metabolite of adenosine triphosphate (ATP) from food products [45, 46] using a
selection of theophylline-imprinted polymers (section 4.3.1), Tetrahydrocannibinol (THC) using a
Catechin-hydrate MIP with acrylamide as FM [47] (section 4.3.2) and the detection of Bisphenol A
and Bisphenol F using a Bisphenol A MIP with 4-vinylpyridine as the FM [48, 49] (section 4.3.3).

The structures for these molecules can be seen in Figure 4.14.
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© o

Figure 4.14: Two dimensional templates and structures of interest corresponding to the three case
studies detailed in this work which were (a.) Theophylline, (b.) Hypoxanthine (section 4.3.1), (c.)
Catechin-hydrate, (d.) Tetrahydrocannibinol (section 4.3.2), (e.) Bisphenol A and (f.) Bisphenol F
(section 4.3.3); the numbering shown in (a) Theophylline and (b) Hypoxanthine structures are

numbered using standard nomenclature convention, as referenced in Table 4.6

4.3.1 Detection of hypoxanthine using a theophylline-imprinted polymer

The stoichiometric complexes between the MIP template (theophylline) and the FMs, acrylamide,
HEMA and MAA were created using an established thermodynamic simulation protocol as detailed
in the chapter 3. FM ratios of 5, 3, and 3 were attained for acrylamide, HEMA and MAA
respectively (Figure 4.15) and the sites where hydrogen bonds were formed on the template were
noted using standard nomenclature convention [50] (Table 4.6 b, Figure 4.14). This complex could
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then be imported into the Autodock GUI, Autodock Tools [51] where the template could be
removed; the remaining FMs were then saved as a rigid receptor file, thus securing the exact
topology of the FMs and creating a “virtually imprinted” receptor site. The target and tautomeric
structural analogue of theophylline, hypoxanthine, could then be docked as a ligand into this
receptor using the Autodock “VINA” scoring function. [52]. The docking affinity score, re-
formation of hydrogen bonds and the spacial “dockability” of hypoxanthine to the receptor was
compared both between receptor sites and also with that of theophylline (Figure 4.15, Tables 4.6
and 4.11). As expected, acrylamide provided the strongest docking affinity in both the predicted and
experimental models due to the combined effect of a high stoichiometric ratio with the dummy-
template and highest rate of hydrogen bond re-formation with the target. In addition to this, the
affinity of the primary template-FM complex was experimentally determined to be an order of
magnitude higher than the other two FM candidates [45] thus ensuring a high probability of

imprinting success during polymerization.
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Figure 4.15: Predicted stoichiometric complexes between theophylline and acrylamide (a), HEMA
(c), and MAA (e) formed through thermodynamic simulation performed in SYBYL, and the
primary docking modes predicted by VINA for hypoxanthine and theophylline (transparent) for the
acrylamide (b), HEMA (d) and MAA (f) receptor; hydrogen bonds are shown for hypoxanthine
(red) and theophylline (blue)
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Table 4.6: Sites of the hydrogen bonds formed on the template and ligand structures for primary

template—FM complexes (i.e., the location of the strongest and most probable hydrogen bonds) (a),

and for the predicted stoichiometric complex (b) and the redocking event (c).

(a)

(b)

(©)

Theophylline * Hypoxanthine *

Acrylamide 7N-H; 6-O IN
HEMA 7N-H; 6-O 7N-H; 6-O
MAA 7N-H; 6-O 7N-H

Theophylline-FM

. a,b
stoichiometric ratio Site of hydrogen bonds

(6-O [2.3], 6-O [2.2]); 7N-H [2.5]; (9N [2.8],

Acrylamide 5 ON [3.1])
HEMA 3 2-0[1.8]; 6-O [1.9]; 7N-H [2.8]
MAA 3 6-O [1.7]; 7N-H [1.8]; 9N [2]
Theophylline " Hypoxanthine *°
Acrylamide 9N [1.9] IN [3.6]; 9N [4.2]
HEMA  (6-O[2.3], 7N-H [2.6]); 7N [2.8] 3N-H [2.3]; 6-O [2.8]
MAA 6-0 [2.7]; 2-O [2.7] N/A

a) Sites of hydrogen bonds are defined on the template and ligand structures using standard

nomenclature convention [50] (Figure 4.14); b) parentheses indicate that multiple FMs bonding

with the same ligand atom while semicolons separate sites on the ligand structure with bond length

of each given in [A] after each entry.
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Table 4.7: Docking affinity scores (kcal-mol™) for theophylline-imprinted receptors shown in
Figure 4.14 predicted by the VINA scoring function and by laboratory experimentation.

Hypoxanthine Theophylline

Experimental VINA Score  VINA Score

Acrylamide 5.34 25. 16.8
HEMA 5.09 24.1 16.4
MAA 2.75 22.8 14.7

The novelty of this technique, however, is not seen in the confirmation of the highest affinity
template—-FM combination, but rather in the explanation that it provides for the sizable difference in
performance for the HEMA- and MAA-based MIPs. Though both FMs shower comparable primary
affinity scores, with MAA actually out-performing HEMA, the HEMA-based MIP exhibited
affinity towards hypoxanthine closer to the acrylamide- based MIP while the MAA-based MIP
displaying the poorest hypoxanthine-affinity of all (Table 4.7). As this cannot be explained by the
calculated primary affinity of the template—FM complex, it must then be assumed that the
enhancement must come, instead from the topology of the imprint created template—FM
stoichiometric complex and the orientation of the FM dipoles within the imprinted receptor.
Visualization of the redocking event and of the imprinted-receptor itself clearly shows that
hypoxanthine docks most efficiently into the receptor created by HEMA, aligning the molecule
most closely to the imprinted template, theophylline, of the three receptors examined (Table 4.6 c).
This can be specifically attributed to the HEMA molecule interacting with the “2-O” oxygen atom
on theophylline’s structure; this interaction is unique to HEMA, with the acrylamide and MAA
stoichiometric complexes forming around the opposite side of the template. Furthermore, regarding
the HEMA receptor, the alignment of the interacting donor—acceptor atoms during the imprinting of
theophylline and the hydrogen bonds formed upon the docking of hypoxanthine are the most similar
of the three. Additionally, hydrogen bonds predicted to form between hypoxanthine and the
theophylline-imprinted HEMA receptor involve the functional groups of the primary hypoxanthine—
HEMA complex (Table 4.6 a) thus providing the highest probability of such docking event
occurring homogeneously en-mass, thus making them experimentally detectable in practice. The
poor experimental performance of MAA receptor can be attributed to its inability to form hydrogen
bonds with hypoxanthine upon redocking. In the absence of such strong directional bonds, the

potential energy between the MAA functional groups and hypoxanthine may not be strong enough

170



4. Results and Discussion

to desolvate the molecule out of its solvent cage and into the receptor cavity. This issue is
compounded by the hydrophobia of the crosslinking polymer which further reduces the aqueous
performance and experimental affinity of the MIP-receptors. An aspect discussed at greater length
in section 4.3.2. In the case of the acrylamide receptor, whose monomers were in positions similar
to those of the MAA receptor, the increased stoichiometric ratio and higher primary affinity both
serve to position the hypoxanthine molecule in an orientation which is then more favourable to
hydrogen bond formation, thus providing sufficient energy to capture the target molecule from the
solution through the concerted effect of the functional grounds of the FMs. The increased level of
insight which the technique detailed in this communication provides, not only serves to rapidly
evaluate the imprinting efficiency and performance of a receptor, but also can greatly reduce
laboratory man-hours and costs due to its ability to rapidly simulate docking events for large
numbers of both ligand and monomer libraries. This allows the user to make an accurate prediction
of the specificity of the MIP using specific template—FM combinations, thus eliminating poor
combinations ab initio. This, in turn, reduces the laboratory workload and screening time whilst also
decreasing negative environmental impact through a reduction of harmful waste products resulting

from laboratory synthesis and experimentation.

4.3.2 Detection of Tetrahydrocannibinol using Catechin-Imprinted Polymers

Tetrahydrocannibinol (THC), the psychedelic compound responsible for the associated effects of
marijuana consumption, is present in its metabolized form in blood, saliva and urine for a duration
following its initial ingestion and has been claimed to impair various bodily faculties essential for
many professional activities. It is often present at low levels and thus can be difficult to detect [53].
As a potential template for molecular imprinting, it also is a poor candidate due the low number of
functional groups on its surface and thus is an excellent candidate for dummy imprinting or, rather,

as a molecule of interest to be targeted by a MIP, imprinted with a dummy template.

In this case, contrary to that of the detection of hypoxanthine as an ATP derivative detailed in
section 4.3.1 above, testing of effluent and bodily excretions in the form of urine and saliva brings
the sensing mechanism into contact with a vastly increased array of potential molecules as they
potentially contain any and all metabolites and xenobiotics ingested and created by the candidate.
Given that the accurate and positive detection of THC in human samples is of such interest with
respect to illicit activity in many countries, it is seen as a molecule of high interest within the field

of sensors.
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Within this following section is detailed a computational analysis correlated with the experimental
work carried out, looking at the imprinted receptor cavity created using catechin-hydrate (CAT) and
acrylamide (ACR) as the template and functional monomer respectively; EGDMA was used as the
crosslinking co-polymer and the low volatile solvent triethylene glycol dimethyl ether
(TRIGLYME) and a non-reactive linear polymer, poly (vinyl acetate) as co-porogens. The
experimental results detailed and used in this study are discussed in greater detail in the published
article [47].

Experimental description

In order to test the experimental efficiency of CAT as a dummy template for THC, two practical
experiments were conducted [47]. The first of these was to determine the effect of the imprint on
the binding behaviour, or rather, the suitability of CAT-imprinted receptor for the detection of THC;
to test this hypothesis, THC at a concentration equivalent to physiological levels, 2.5 ppm, was
dissolved in a 6:4 solution of water and ethanol and saturation binding experiments were performed
using the MIP and NIP. The second experiment was conducted to investigate the effect of
interferent molecules on the binding mode and the degree to which the docking event into the
imprinted cavity could be disrupted by common, legal pharmaceuticals (i.e. caffeine and
acetaminophen). In this second experiment, THC, caffeine (CAF) and acetaminophen (ACE) were
each added in equal quantities to the level of 2.5 ppm in an identical solution of water and ethanol.
Saturation binding experiments were then performed under identical conditions. The results of these

experiments are shown in Table 4.8.
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Table 4.8: (a) THC binding results as a percentage and proportion per polymer unit mass of total
THC present in the binding solutions (2.5 ppm); (b) binding results of the ternary mixture of THC,
CAF and ACE present at concentrations of 2.5 ppm each, given as percentages of their respective

concentration, proportion of total concentration, and total bound concentration per polymer unit

mass
(a)
MIP NIP
THC (% total concentration) 75.45 55.23
Total bound concentration (mg/L/unit polymer 1886 1.38
mass)
(b)
MIP NIP
THC 4559 39.94
Bound molecules (% total concentration) CAF 10.67 11.65

ACE 331 385
THC 0.25 0.291
Bound concentration (mg/L/unit polymer mass) CAF 0.069 0.096

ACE 1.139 0.9985

Total bound concentration (mg/L/unit polymer mass) 1.458 1.385

Complexation mode and receptor evaluation

Following the thermal annealing protocol described above, the ideal stoichiometric ratio between
CAT and ACR was calculated; the maximum ratio of 7 can be seen in Figure 4.16. As expected,
formation of the stoichiometric complex was concentrated at the extremities of the molecular
structure and only a moderate strength hydrogen bond predicted to form at the central ring. Analysis
of bond length and location, shown in Table 4.9, indicated the formation of a strong complex with a

high probability of survival through the polymerization process.

It is interesting to note the apparent absence of interaction at the centre of the molecule though it

must also be recalled that large hydrophobic areas on the template structure may create
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complementary features within the receptor cavity through hydrophobically driven interactions
between the FM, co-polymer and template.

Figure 4.16: Ideal stoichiometric complex between CAT and ACR as calculated using the SYBYL
modelling suite; hydrogen bonds are numbered in order of increasing distance, and corresponding

strength, between the involved donor and acceptor atoms (Table 4.9)
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Table 4.9: Bond distances and strengths [30] corresponding to the complex shown in Figure 4.16

Donor-

Acceptor Bond

. strength
Distance (A)

1. 1.653 Strong

2. 1.667 Strong

3. 1.682 Strong

4. 1.746 Strong
5. 2.219 Moderate
6. 2.322 Moderate
7. 3.097 Moderate

Interpretation of rebinding modes and correlation with experimental results

The binding modes predicted by the Autodock algorithm can be seen in Figure 4.17. For the
template, CAT, an effective rebinding mode can be seen with functional groups from several
monomers being engaged in strong to moderate hydrogen bonds. THC, the target molecule,
successfully formed only one high energy hydrogen bond though at least one further bond can be
seen in the optimal docking mode thus demonstrating a specific imprint effect. The potential
interferants, CAF and ACE however, formed complexes which engaged only one hydrogen bond
indicating a significant potential non-specific interaction due to the comparative size of the receptor.
The predicted affinities of these interferants are also significantly higher than that of THC thus
raising the concern that in a physiological environment where competitive binding was an issue,

effective capture of the target, THC, would be blocked.
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Figure 4.17: Aqueous binding modes predicted by the Autodock VINA algorithm into the CAT-
ACR receptor site created from the stoichiometric complex shown in Figure 4.16; ligand molecules
shown are CAT (a.), THC (b.), CAF (c.) and ACE (d.)

Viewing the projected modes and more specifically, the formation of strong hydrogen bonds, the
template of the imprinted receptor, CAT, was able to dock most efficiently with the receptor site,
forming hydrogen bonds with the highest number of individual FM. Additionally, the mode was
relatively symmetrical when compared with those of the other molecules tested. This can be seen in
the quite uniform contribution that each ACR monomer made to the overall predicted docking
affinity (Figure 4.18). THC, the structural analogue and primary target of this study, succeeded in
forming 2 favourable hydrogen bonds and also in displaying some imprint-related docking affinity
though the molecule, notably, does not have the same homogeneous primary docking mode as
CAT, the original template (Figure 4.17). The smaller interferent molecules, CAF and ACE both
had significant asymmetry in their predicted binding modes, indicative of a nonspecific, poorly
docked molecule.

Viewing the aqueous solubilities of each of these three molecules, however, reveals a differential of
several orders of magnitude between THC and the interferants (Table 4.6). The significant
hydrophilic nature of the interferants is an indication that these molecules will be more disposed to
disrupt binding rather than participate in or be captured by such events. This was reflected in the
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practical laboratory results. It can be seen that, though the control NIP bound an almost identical
quantity of molecules in both cases (Table 4.8), the quantity bound by the MIP in the pure THC
solution (Table 4.8 a) and that of the ternary mixture of molecules (Table 4.8 b) differed by a
significant amount, amounting to a 23% net reduction in particles bound per unit mass of polymer.
While this sensitivity displayed by the MIP relative to the NIP can be explained by the increased
order of exposed functional groups within the MIP which tend to form FM-FM dimers in the NIP.
This results in the decreased exposure of molecular dipoles to the polar aqueous solvent at the
polymer surface and thus makes high affinity hydrophilic molecules more likely to block and
disrupt docking events within the confined pores of the MIP and simultaneously less likely to bind
themselves within the hydrophobic cavities of the MIP, remaining in their higher energy solvent

cages.

Table 4.10: Aqueous and ethanol solubilities of the components of the ternary mixture

Water (g.L'l) Ethanol (g.L'l)
ACE 12.78 [54] 190.61 [54]

CAF 20 [55] 15 [55]
0.001 — 0.002
THC (561 35 [57]

The proportion of THC bound by the MIP was reduced by double that of the NIP indicating a
significantly higher disruption in the case of the MIP rather than the NIP. In addition to this, though
the disruption seen by the MIP was significantly higher than that of the NIP, the proportion of
interferent molecules captured was in fact higher for the NIP than the MIP, pointing to an increased
hydrophilic interface at the NIP surface resulting from a greater number of exposed FM functional

groups and thus causing an increased incidence of hydrophilic interaction.

Effect of the number of monomers in the receptor on docking affinity

Given that the initial aqueous docking modes utilized only one half of the predicted ideal binding
site, a further investigation into the effect of the number of FM molecules within the receptor site
the predicted binding affinity. In this manner, 7 receptor sites were created containing from 7 to 1
ACR monomers; the order in which the monomers were deleted was determined by distance from
the CAT template molecule which, in turn could be approximated to a hierarchy of hydrogen bond
strength (Table 4.19) and thus probability of in situ formation in the presence of solvent and co-

polymer molecules.
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These 7 sites were then screened against the 4 molecules of interest, CAT, THC, CAF and ACE. As
shown in Figure 4.18, the original template showed the greatest and most linear decline in affinity
with respect to the reduction of functional groups and thus showing the greatest sensitivity to the
shape and aspect of the receptor site. Two intermediate slopes can be seen corresponding to
stoichiometric ratios from 3 to 4 and then from 5 to 7, while there is no imprint-related behaviour at
ratios between 1 and 2. It is highly interesting to note that the initial four molecules of ACR, which
formed strong hydrogen bonds in the initial complex (Figure 4.16), constitute the most integral part
of the imprint-related specificity receptor site as seen in the steep increase in receptor affinity for
CAT. This sharp slope then tapers off at the increased stoichiometric ratios. This highly apparent
imprint-effect within the receptor sites formed from strong hydrogen bonds during synthesis ensure
a high probability of a good imprinting factor for the MIP when compared to the NIP control.
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Figure 4.18: Receptor-ligand affinities calculated by Autodock VINA for the four molecules of
interest, CAT, THC, CAF and ACE. 7 receptor cavities were tested, each of contained an additional
ACR molecule which were added in order of distance from the template molecule (Figure 4.16;
Table 4.9)

In the case of the actual target molecule for the MIP, THC showed a consistently lower affinity than
that of the interferants, CAF and ACE. Relatively parallel slopes for each of these three molecules
may also be used as a confirmation of a consistent and high potential for the disruption of THC
docking events when attempted in the presence of these secondary molecules.

The final notable point from this study comes from the plateau of docking affinities seen between
FM ratios of between 5 and 6 which is not present for the template molecule thus indicating the
asymmetry of the docking modes for the secondary molecules into the receptor cavity relative to the
actual template, CAT, which is inherently better suited for docking into the receptor (Figure 4.18).
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Correlation of virtual and experimental results

It must be remembered at all times that the docking modes and affinities predicted by the VINA
virtual model neglects the effect of the crosslinking co-polymer on the binding event. While the
evaluation of the interactions between the functional groups of the receptor site are highly
applicable to the prediction of the specificity and performance of the receptor sites, the effect of the
co-polymer must be recalled when interpreting the virtual data. In other words, favourable ligand
docking and receptor affinity is not necessarily indicative of net capture of the ligand by the MIP

throughout its structure.

To explain this behaviour, it must be recalled that the co-polymer typically constitutes
approximately 70 — 80% of the MIP’s overall mass. The monomer from which this co-polymer is
formed is ideally devoid of functional groups or has low interaction potential in order to minimize
its interference with the primary template-functional monomer complex. The apolar nature which is
imparted to the MIP upon polymerization results in a hydrophobic character and an overall reduced
aqueous performance of the MIP [58]. It follows that this hydrophobic nature, inherent to
conventional MIPs, would also promote hydrophobic interactions thus increasing performing when

the targeted molecule is also hydrophobic.

It is at this point that a misinterpretation of the experimental data may occur whereby a low instance
of capture may be taken to indicate low affinity between that molecule and the imprinted receptor
cavities within the MIP. On the contrary, the more hydrophilic molecules interact to a great extent
with the receptor sites even if the overall hydrophobia of the MIP cavity does not allow desolvation
of the molecules into the receptor cavity. This high interaction between the functional groups at the
receptor cavity and highly soluble molecules serve to greatly disrupt the docking of the primary
target; in this case the docking of THC into the dummy-imprinted (CAT) receptor cavity being
disrupted by CAF and ACE.

The results of the experimental study of the competitive binding between THC, CAF and ACE can
be seen in Table 4.8 b Equal concentrations (2.5 ppm) of the three molecules were dissolved in a
binary mixture of water and ethanol in the proportion of 6:4 respectively. While the solubility of
THC increases significantly from water to ethanol, CAF's solubility reduces slightly while
remaining relatively static. ACE solubility, however, increased from 12 to 190 mg.ml™ when
solvated in ethanol rather than water; this extremely large difference in the solubilities of the
molecules of interest complicates the interpretation of the experimental data (Table 4.10).

Though the initial binding experiment (Table 4.8 a) indicated a favourable imprint-related

preference of the MIP for THC, binding approximately 30% more of the total concentration of THC
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present in the solution, when this experiment was repeated in the presence of ACE and CAF, this
differential for THC was reduced to just a few percent relative to the NIP while the quantity of ACE
and CAF did not replace the THC inhibited from binding by these interferants (Table 4.8 b). The
result of this is that, though the NIP bound an almost identical quantity of molecules for the single
and competitive binding experiments, 1.38 — 1.385 mg.L™ per unit mass of polymer, the MIP
suffered a significant loss in performance between the two experiments with its specific binding

capacity falling from 1.886 — 1.458 mg.L™ per unit mass of polymer.

This significant reduction in performance must only be due to the disruption of THC-receptor
docking events by the interferent molecules with higher docking affinities towards the receptor
cavity as predicted by the VINA algorithm (Figure 4.18). This disruption of primary docking events
is, however, not accompanied by the capture of these secondary molecules which the MIP fails to
capture, thus resulting in the significantly poorer performance of the MIP in the presence of these

interferants.

Viewing the percentage of CAF and ACE bound, one is confronted with an additional conundrum
which is that, whereas the virtual model predicts comparable affinity scores for both of these
molecules, ACE is bound in a significantly lower quantity than CAF, having only 3.31% and
10.67% of their total concentration bound to the MIP. This discrepancy can be explained when the
solubilities of these molecules are taken into account (Table 4.10). Though they both have
comparable aqueous solubilities, their solubilities in ethanol differ by an order of magnitude thus

making ACE far more resistant to desolvation than CAF.

It is thus finally confirmed both computationally and experimentally that CAF and ACE serve as
significant interferents to the binding and capture of THC by the CAT-ACR MIP through the
disruption of THC-receptor docking events via the superior affinity of CAF and ACE to the

receptor.

This disruption was not accompanied by the capture of these interferants due to high aqueous and
ethanol solubility in which these experiments were conducted. It is thus accepted that the use of the
virtual model, VINA, can be used to indicate docking events in a competitive setting though, as the
co-polymer is not included in the receptor file, VINA cannot be used as a predictor of molecular
capture by the MIP. Instead it may be used as a predictor of preferential interaction with the
receptor site while the degree to which the docked molecule is captured by the MIP as a whole must
be estimated by the solubility of the molecule in question in the solvent.
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4.4.3 Design of a Bisphenol A -Imprinted Polymers

Bisphenol A (BPA) is a molecule of high interest due to its potential carcinogenic nature and low
dose toxicity. This has encouraged the development of detection methods given its high prevalence

in baby bottles, food-storage containers, medical equipment, and consumer electronics [59, 60].

As low concentration chronic exposure is the most common and dangerous type of potential risk,
the use of MIPs to detect BPA is logical. In addition, BPA has low and high solubility in aqueous
and organic solvents respectively and so, it should be highly favourable for conventional non-
covalent molecular imprinting protocols as such imprinting events are typically carried out in an

apolar organic environment at relatively high concentrations.

The challenge of imprinting BPA manifests itself in the low number of functional groups within its
structure which consists of two hydroxyl groups and two aromatic rings. The polymer research
group at the University of Corufia (UDC) has already published a detailed account of the design and
development of a BPA-MIP with a substantial body of experimental data including extensive study
of the intermolecular interactions between BPA and the selected FM, 4-vinylpyridine (4VP) [48]. A
further report on the binding behaviour and performance of the MIP for the capture and detection of
BPA in water samples has also been published [49]. In this case study, the experimental results

were accurately predicted by the virtual modelling protocol detailed in this present communication.

The experiments of Zhu et al. [61] showed the primary interaction between BPA and several
phenolic molecules containing carboxylic and hydroxyl functional groups to be based on hydrogen
bonding. An additional report on virtual and practical experiments on the molecular imprinting of
phenol, using 4VP as the FM, found that the primary mode of that system in an aqueous
environment was hydrophobically driven via van der Waals forces and m-n stacking [62]. The
authors of this report contend that both of these bond types are present within the BPA-4VP
receptor. The reduction in receptor affinity seen between the pre- and post-polymerization studies
comes from a change in the binding mode which occurs when the environment is changed from
apolar organic porogen to aqueous solvent. It is believed that the immobilization of 4VP in a
receptor cavity within a MIP allows for the initial bonding of the BPA molecule to the 4VP
aromatic functionality via hydrophobically driven forces. This initial interaction allows the donor
and acceptor atoms to align within the two molecules, facilitating the formation of a hydrogen bond
of moderate energy. The receptor cavity, being highly hydrophobic due to the nature of the
crosslinking co-polymer, allows for the creation of pores that favour these hydrophobic,

electrostatic interactions.
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Experimental results and description

All referenced experimental data can be found in previously published works [48, 49]. BPA, 4VP
and EGDMA were combined at a ratio of 1:6:6 with the low volatile solvent triethylene glycol
dimethyl ether (TRIGLYME) and a non-reactive linear polymer, poly-(vinyl acetate) as porogen.
The polymerization process was then thermally initiated and maintained for 24 hours. Rebinding
and adsorption experiments were conducted across 12 different concentrations in water from 22.41
— 4482 umol.L-1. Adsorption isotherms were calculated using the Freundlich equation which
yielded precise affinity constants (R2>0.99). These constants can be seen in Table 4.11. These
calculated constants showed Bisphenol F (BPF), the structural analogue of BPA, to have the highest
binding affinity constant, BPA, the template and primary target to have the second highest affinity
constant while caffeine (CAF) and acetaminophen (ACE), the interferents tested, had lowest

affinities.
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Table 4.11: Maximum and minimum Freundlich affinity constants calculated for the BPA MIP for
the primary target, BPA, structural analogue, BPF and the interferants, CAF and ACE [49]

Kinax Kiin
BPA 6.25x10° 6.41x 10°
BPF 1.09x10° 2.45x10°
CAF 6.72x 10" 2.65x 10°
ACE 5.76x10* 4.95x10°

Correlation of pre-polymerization studies with virtual prediction

The ideal stoichiometric complex that was created by the thermal annealing method was poor
compared to the other two case studies detailed in this work. Steric hindrance created by the
structure of BPA did not allow high energy hydrogen-bonds to form between BPA and the 4VP
molecules functional groups. Instead, the closest distances between the donor and acceptor atoms of
the template and FM molecules respectively were 3 — 4.2 A with large bond angles, thus indicating
poorly formed, weak hydrogen bonds, largely electrostatic in nature. The binding energies of these

hydrogen bonds are typically less than 4 kcal-mol™ [30] (Figure 4.19; Table 4.12).

Figure 4.19: Stoichiometric complex for BPA and 4VP as calculated by the thermal annealing

method
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Table 4.12: Characteristics of Bonds shown in Figure 4.19

. Bond Bond
Bond ID Bond length (A)
angle strength
1 3.035 90° weak
2 4.242 111° weak

The formation of multiple low energy hydrogen bonds around the BPA molecule was observed in
the experimental data of the UAC research group via Infrared transmission spectroscopy though not
fully understood until the results from this simulation were viewed. During the study of BPA-4VP
interactions in the organic solvents tested, which were CCls;, HCCl;, CH,Cl, and acetonitrile
(ACN); for the three chlorinated solvents tested, binding constants of 2.15 — 4.95 x 10°® M in free
solution were observed which indicated the formation of stable complexes though, most importantly
for this work, were not high enough to indicate the formation of strong 1:2 BPA-4VP complexes
based on two or more point cooperative hydrogen bonds. These binding energies were sufficient to
indicate the formation of the lower energy, weak 1:2 hydrogen bonded complexes in low polarity
solvents. This complex was disrupted by the increased polarity of ACN and thus was not detected

outside of the chlorine-based solvents [48].

Regarding the experimental determination of the low binding affinity of the 1:2 BPA-4VP
complexes discussed above and in addition to the visualization of the complex which the virtual
modelling protocol allowed, it is not surprising that the imprinting effect within the MIP would be
lost at mid to high BPA concentrations. To elaborate, when the polymer was experimentally tested
for capacity in saturation binding experiments, it was seen that the imprinting effect was only
visible until a concentration of 0.5 mM after which point any imprint effect was obscured by non-
specific adsorption of molecules to the polymer surface [48]. This implies a low binding capacity
within the MIP. From this it may be inferred that there was a high failure rate of the BPA-4VP
complexes during the thermally mediated polymerization. The increased mobility that this thermal
polymerization process gave to the molecules within the stoichiometric complexes allowed them to

break free from comparatively their fragile constraints.

Post polymerization correlation of virtual docking modes and experimental results
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During the MIP design process the majority of the attention of the research is placed often on the
initial formation and maintenance of hydrogen bonds between the template and FM. Generally less
attention is placed on the rebinding mode of the template and secondary analogues into the receptor
cavity as it is assumed to be largely identical to the pre-polymerization complex. However, it has
been demonstrated that ideal template-FM complexes observed in free solution and present during
receptor synthesis were not representative of the rebinding mode [63]. Additionally, given that the
polymerization process is most often carried out in an organic solvent whilst rebinding most often
be in an aqueous environment, such calculations of ideal complex orientation alone cannot suffice.
With the use of the VINA computational model, rebinding behaviour can be predicted and used to
estimate efficiency and specificity of the receptor. Additionally, it is possible to evaluate the quality
and durability of the imprint site though the creation of a hierarchy of bond strength using dipole

distance as the determining factor.

The docking modes predicted by VINA, shown in Figure 4.20, were consistently shown to be
primarily driven by hydrophobic interactions between the aromatic rings within the receptor and
ligand molecule. Additionally, all docking modes for all the molecules were between single 4VP
molecules, and none incorporated the two 4VP molecules present within the receptor site. The most
intriguing observation from the results of the virtual docking experiment was the formation of low
energy hydrogen bonds through the alignment of the donor and acceptor atoms within the receptor-
ligand docking modes. This alignment was caused by the initial parallelization of aromatic rings
and did not occur in the docking mode of CAF, in which there was no available donor atoms. This
apparent t-nt stacking of the aromatic rings and additional reduction in the stoichiometry from 2 to 1
in an aqueous environment was also experimentally confirmed through shifts in the *H NMR
spectrum which were interpreted as being the main driving force for complexation in aqueous
environments. This interpretation has now been confirmed by the virtual model. The hydrophobic
ring alignment within the virtual docking modes may be used as an indication as to the contribution
of the aromatic functionalities to the total docking affinity. This was specifically referred to during
the experimental rebinding study in which the main driving force for binding in water was
attributed to intermolecular hydrophobic interactions. Further confirmation of the importance of the
hydrophobic contribution to the docking mode came when rebinding was additionally investigated

in an apolar (chloroform) medium and MIP performance was significantly reduced [48].
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Figure 4.20: Predicted binding modes for BPA (a.), BPF (b.), CAF (c.) and ACE (d.)

As the aqueous rebinding mode substantially differed from the imprinting mode, it is not surprising
that selectivity was mediated by aqueous solubility rather than any apparent imprinting effect.
Overall, the affinities predicted by VINA (Table 4.13) reflected the order in which rebinding
performance was observed in the laboratory study with BPF showing the greatest affinity constant
(Table 4.11), followed by BPA and then the interferants, CAF and ACE, both with high aqueous
solubilities (Table 4.10), performed most poorly.
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Table 4.13: Docking affinities and bond distances for modes shown in Figure 4.20

Hydrogen m-t bond

afglllli\tlyA (l.)l?ceglijxtﬁ'l) b"n‘t!;;ngth diS(tE;lce
BPA 9.1 35 38-40
BPF 10.6 3.9 37-41
CAF 8.6 N/A 3.7-38
ACE 8.4 25 3.8-4.0

While the performance of the interferants may be attributed to the combined effect of their being
non-imprinted molecules and high aqueous solubility, this is not the case with the two structural
analogues, BPF and BPA. These structural analogues, both having the same aqueous solubility of
360 mg.L™ and very similar chemical properties [64], may be assumed to have an equal opportunity
for adsorption to the MIP receptor sites from the solution, especially given the predicted ideal
docking modes shown above. For this reason, in a competitive binding situation, in which no other
exterior interferent is present, the molecule with the higher primary binding affinity, in this case
BPF, will preferentially form a complex with the MIP receptor site.

In this way, when the solubilities of both molecules are comparable, the capture probability can be
predicted solely from the docking affinity calculated by the VINA algorithm which, in this case
correctly placed BPF as having the highest receptor-ligand affinity.
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5. Conclusions and future work

5.1 Conclusions

1. The key issues and challenges pertaining to the molecular imprinting process
were identified; including the specific effects of each of the required components have
on both the polymerisation process and on the final imprinted polymer (Articles 1 & 2).
Template solubility and comparability was seen to be the greatest factor with respect to

the selection of monomers, porogen and polymerisation mechanism and rate.

2. A number of factors were identified regarding the selection of an appropriate
immobilisation and transduction method for a MIP. For electrochemical transduction

(Article 1), the key disadvantages identified were as follows:

a. The requirement to use up to 80% of inert, crosslinking polymer in the
MIP in order to rigidly support the imprinted receptor significantly retarded the electron

transfer rate which caused peak broadening and a reduction in sensitivity in contrast to a
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bare electrode. The MIP did, however allow does allow for the differentiation between

compositionally identical structural analogues.

b. While regeneration of the sensor was possible and, indeed, greatly
enhanced relative to analogous electrochemical MIP sensors in the literature due to the
use of precipitated polymer particles rather than bulk polymer monoliths, the imprinted
sensor's life time was finite, with each consecutive use producing a signal of decreasing

strength.

C. The inability to regenerate the MIP sensor was attributed to the location
of the high affinity receptors within deep-seated recesses of the pore structure of the
MIP. These receptors could not be regenerated by diffusion forces alone, which was the
only possible regenerative force available following the immobilisation of the MIP onto

the sensor surface.

d. The issue of regeneratibility can be solved by integrating a flow system
into the sensor (Article 2) or by using the MIP in free solution during a pre-
concentration step, ahead of electrochemical detections

3. With respect to the development of a polymer sensor array for use in an
Electronic Tongue, the issues of electron transfer reduction and regeneratibility can be
solved with the computational matching of the functional monomer to the analyte(s) of
interest or 'virtually imprinting' and redocking a template molecule to design and

evaluate the receptor ahead of synthesis (Article 2 & 3).

4. Several outcomes, both expected and unforeseen, have stemmed from this
doctoral research project. Though the application of MIPs to sensor arrays and
electronic tongues is contentious due to the apparent divergence of the two paradigms, it
is possible to bring together the two technologies so as to produce an enhanced and
more cost effective sensing system to be applied to complex, real-world solutions and

mixtures.
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5.2 On-going and future work

A clear sign to the productivity of this doctoral research project, the progress it has
made and the research lines it has created, is the currently on-going projects as well as
the potential collaborations and future work which is waiting to be capitalised upon.
What follows is a brief description of the most relevant of these projects.

5.2.1 Virtually matched, triggerable polymer sensor arrays for electronic tongues

A currently on-going research line at the UAB, carried out in the laboratory by Ms
Anna Herrera, is the modification of electrochemical sensors with polyelectrolytes
which have been computationally matched to an analyte of interest.

Polyelectrolytes are polymers which contain an electrolyte group in their repeating
subunits (monomer). These groups can dissociate in water and at a specific pH to give
the polymer a charge. This pH sensitivity can be used as a 'trigger" so that, at neutral pH,
there is low affinity which permits the complex (the target molecules and the
polyelectrolyte functional group) to be separated and the sensor to be regenerated. This
family of molecules is often used in water treatment. At a specific pH (below the pK,),
the ionic charge and structural affinity of the functional group can be used to target a
specific molecule. Specifically for electrochemical, especially voltammetric, systems,

polyelectrolytes are highly promising because they are conductive.

Additionally, because these electrolytes are already matched to the analyte of interest
and selected accordingly, the polymer used to modify the electrode surface does not
need to be imprinted and consequently does not need to support a receptor within its
structure. This allows for the drastic reduction if not the complete removal of the
crosslinking polymer from the polymerisation process and thus the polymer's

electrically insulating properties can be minimised.

The use of a 'trigger' as opposed to an imprinted receptor to attract and capture the
targeted analyte allows for the reverse to also happen; the removal of this trigger, such
as the returning of the pH of the solution to a neutral value, allows for the rapid and

facile regeneration of the sensor surface. This advantage is magnified by the fact that
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there is no longer the issue of tailored, high affinity receptor sites seated deeply within a

complex and tiny pore structure on the immobilised sensor surface.

A proof of concept experiment has already been conducted by the author using the
proton conducting polyelectrolyte EGMP, already referenced in the introductory chapter
of this work (Figure 1.10). This was computationally matched for affinity to the
common analgesic, acetaminophen, using the SYBYL scoring algorithm at UoL. As can
be seen in figure 5.1, a clear and strong modification to the signal profile occurs when
the anionic EGMP-modified electrode comes into contact with the alkaloidal structure

of the acetaminophen in contrast to the cations of uric and ascorbic acid.

a = = EGMP electrode === Bare electrode

a

L] B =]

C ——EGMP clectrode  ——Bare electrode
-

I, uA

EV EV

Figure 5.1: Cyclic voltammograms produced by the unmodified and EGMP-modified
electrodes in pH 2 Britton-Robinson buffer in the presence of 0.2 mmoleL-1 of

acetaminophen (a.), ascorbic acid (b.) and uric acid (c.)
5.2.2 Augmentation of the computational power

Following the success of the research documented in Articles 2 & 3, the research team
at UDC has moved to increase the computing capacity at their disposal through
significant investment in both on-site computing resources as well as potential

collaborations with local supercomputing facilities. The quadrupling of processing
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power within this computing system, with respect to that used for the experimentation
of this thesis ,can allow for the execution of simulations on a massively more complex
scale for a greater duration than have been described in this thesis thus far. An
interesting example of the benefits of this investment in computational power is the
ability to create a more realistic prediction of MIP receptor topologies which in turn can

be screened using the protocol detailed in Article 3.

For an idea of the scale of the increase in capacity, whereas the simulation for this thesis
were done using an 8 Gb CPU, typically consisting of approximately 150 molecules or
2000 atoms, the new computer resource boasts 32 Gb of RAM and has been seen to
stably support and run simulations of 1000 molecules or 20,000 atoms. Screen shots of

this experiment are shown in Figure 5.2.
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Figure 5.2: Dynamic simulation imprinting solution with representative quantities of

template, FM, cross-linker and porogenic solvent at polymerisation temperature (60°C)
for 10 ns done in the Gromacs molecular modelling suite (top); this type of large scale
simulation can be used to create more realistic and diverse imprinted receptors (bottom)

5.2.3 Improvement of virtual screening of imprinted receptors

A currently on-going topic of research within the UoL research group is the application
of the novel receptor screening method detailed in Article 3. PhD student Ms Julie
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Settipani has seen excellent results in their attempts to create and screen rigid receptor
topologies within the much more highly detailed Tripos force field of the SYBYL
modelling suite with the intention of incorporating such a tool into their world

renowned imprinted polymer laboratory.

5.2.4 Incorporation of Open-Source Modelling Techniques into Online screening

platform for MIP design

A further effort is being simultaneously made within the Computational Biophysics
research group at the University of Verona by the hand of Mr Mirko Busato to take
advantage of the Autodock screening technique for MIP receptor design. Mr Busato is
incorporating the prediction tools developed and detailed in this thesis into the online
platform that will be the topic of his thesis. This work is currently on-going though an
initial view of what it will look like can be seen in Figure 5.3. A paper detailing this
platform is also being written and is intended to be submitted for publication in the

coming months.
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Figure 5.3: Screen shot of the job submission page of the online prediction tool

currently under construction within the Computational Biophysics research group at the
University of Verona
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5.2.5 Application of an array of CIT imprinted polymer pastilles to a GSB artificial

neutral network

The final scope for future collaboration and work comes in the combination of efforts
made by the Technological Research Centre (CIT) at UDC and the Sensors and
Biosensors Research group (GSB) at UAB. The research lines on both of these groups
run in parallel and stand to be, if combined, stronger than the sum of their parts. As has
been laid out throughout this thesis, a key attenuator to the use of MIPs in sensor arrays
is the difficulty in regenerating the MIP sensor, especially after the immobilisation of
the MIP onto a sensor surface. The use of the MIP in free solution or in a flow system
can remove this issue of regeneratibility entirely and indeed, this is exactly what the Ms
Anna Herrera is currently undertaking in the GSB laboratory in Barcelona with the use
of SPE cartridges, packed with monolithic MIP particles, in concert with in-house

electrochemical sensors replacing the more expensive chromatographic methods.

In the CIT laboratory in the Ferrol campus of UDC, imprinted polymer 'pastilles’ have
been perfected; these have already been referenced in the introductory chapter of this
thesis. These pastilles remove the need for post polymerisation grinding of the MIP as
well as making the polymer highly convenient to transport, use and regenerate. To date,
these pastilles have been characterised and exploited using spectroscopic and
chromatographic methods only. As laid out in Figure 5.4, this collaboration would take
minimal effort for both parties involved and would allow for the rapid progression
toward a MIP-incorporating Electronic Tongue while also providing more scope for the
application and testing of the Autodock-based virtual screening method for the design
of MIP receptors, customised to the cross-responsive requirements of the Electronic

Tongue imprinted sensor array.
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= UNB

UNIVERSIDADE DA CORUNA Universitat Autbnoma
deBarcelona

Figure 5.4: Proposed collaboration to combine the synthetic expertise of the CIT
polymer research group at UDC with the analytical expertise of the GSB group at UAB
entailing the use of an array of imprinted polymer 'pastilles' to pre-concentrate analytes

in real samples which could then be analysed using an electronic tongue
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Article 1:

Voltammetric sensor for theophylline using sol-gel immobilized molecularly imprinted polymer

particles

Ferdia Bates and Manel del Valle,, Microchimica Acta. 182 (2015) 933-942.
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Voltammetric sensor for theophylline using sol-gel immobilized
molecularly imprinted polymer particles

Ferdia Bates - Manel del Valle
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Abstract Sensors incorporating moleculardy impnnted poly-
mers (MIPs) are feasible in concept though the reproducibility

of such devices can be compromised by the large number of

interdependent steps. For this reason, many rescarchers have
focused on the synthesis of MIP particles only, not on ther
mmmobilization. Herein 1s presented a sol-gel based method
for immobilization of unmodified MIP particles for use in an
electrochemical sensor. The macroporous particles were pre-
pared using precipitation-polymerization and impnnted with
theophytline. The sob-gel was combined with graphite micro-
particles (50 um) and the composite was deposited on the
surfaced ofan epoxy-graphite electrode. The sensor was then
tested for its response to theophylline using differential pulse
voltammetry. A limit of detection of 1 uM was observed and a
relative standard deviation of 6.85 %. The electrode can be
regenerated via a thermal washing process which was accom-
panied by an minal signal loss of 29.3 %, Any lurher regen-
eration caused a signal loss of 2.4 % only.

Keywords Molecularly impnnted polymers (MIP) -
Sol-gel - Graphite - Theophylline - Differential pulse
voltammetry

Introduction

The necessity for novel qualitative sensor systems with the
capacity o detect targeted molecular compounds is ever-pres-
ent. For several decades, sensors based on biological recogni-
ton, such as those utlzing enzymes, antibodies, microorgan-
isms or aptamers, have recetved a majority ol interest within
F. Bates - M. dd Valle (=)
Sensors and Biosensors Group, Department of Chemistry,
Universitat Audnoma de Bareelona, Bellaterra,
Burcelona 08193, Spain

e-mail: maneldelvallefunh.es

19 November 2004

this field thanks to their supenor recognition properties [1].
Biomolecules do, however, suller from a generally poor chem-
ical and physical stability as well as being costly o synthesize
orrefine and thus inmore recent years, artificial receptors have
been gamered with an mereasing degree of attention [ 2],

Molecular imprinting embodies the creation of a talored
binding site for a sdected template molecule. The bmding
sites that are created can be highly specific and have the ability
to discriminate between structurally similar compounds as
well as chiral molecules [3]. This field 15 most commonly
manifested 1n the paradigm of Molecularly Imprinted
Polymers (MIPs) which has exhibited exponential growth
with respeet to annual publications over the course of the last
two decades [4]. Though there are two main imprinting strat-
egies, covalent and non-covalent, the non-covalent approach
is afforded greater attention due to the speed and case of
synthests, facile post-binding regeneration and the greater
level of functionality at the binding site [5]. The synthess of
such MIPs, generally consists of a preassembly step wherehy
the template molecule 158 mxed with a functional monomer to
form complexes with the template at its local dipoles. The
spatial onentation of these bmding sites s then secured viathe
crosslinking of the functional monomer with a secondary co-
polymer., which fixes at proper distance and geometry the
binding sites; at this pomnt, the template can be extrcted from
the newly-formed cavities [6] and usages of the MIP can
developed; a schematic of this process, using theophylline as
a template, can be seen in Fig. 1. The populanty of MIPs
comes from their low cost, ease of preparation and high
stability [7]; these attnbutes have gamered them with the title
“plastic antibodies’ [8].

Grven therr advantages, molecular impnnting appears
equally enticing to laboratones regardless of the level of in-
house synthetic expertise. There are, however, some draw-
backs and discouragements while attempting to impnnt poly-
mers. Of the two most common structural forms of MIPs,

@ Springer
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Fig. 1 Molecular structure of caffeine, theophylline theobromine and

L 7-dimethyluanthine {a); schematic of the creation of a theophylline-
mmprinted binding site consisting of the pre-assembly of the functional

particles and deposited films, both are accompanied by disad-
vantages which hinder the exploitation of molecular impnnt-
mg as an analytical technique. While particles are easier to
synthesize compared to films [9], the number of immobiliza-
tion methods {or MIP particles available i the hterature 1«
limited. This low level of available protocols can be noticed as
those referenced m a 2010 review of the state-olthe-art of
molecular impnnting in electrochemistry [10]. Of 61 papers
reporting the immobilizaton of MIPs onto sensorsonly five ol
these, less than 10 %, employed unmodified MIP particles as
the sensing mechanism Four additional eitations reported the
use of packed columns or flow systems though such strategies
sulfer from drawbacks of slow rebinding of the target within
the cavities of the MIP, leading to long extraction times [11].
Theophylline, the molecule chosen as molecular template
for this work, 1 a methylxanthine alkalowd of the purme famly
and 1s present in cocoa beans, teas and a range of other
beverages and plant matenals along with its structural ana-
logues caflene and theobromine. For over 70 years it has been
used to treat maladies of the airway such as asthma and
chronic obstructive pulmonary disease (COPD). Tts low cost
and high availability have both contributed to make 1t one of
the most widely presenbed drugs or such pathologies [12]. Iis
simple structure and close similarity to its analogues (Fig. 1)
make 1t an attractive molecule to study 1 the field of molee-
ular imprntng. [ts low cost and toxieity also increases the
attraction of using it m prototype studies [13, 14].
Conventional methods for the detection of methylxanthines
are based on gas and liquid chromatography, the advantages
of which are clouded by the requirement of bulky, expensive
equipment, complicated sample pretreatments and trained
operators to run the analysis [15, 16]. Electrochemical
methods on the other hand, embodied by voltammetric,
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monomer and the template, polvmerization of the crosslinking pol vmer
and the subsequent removal of the template 1o leave a fund ional binding
site (b}

potentiometric, amperometrne and prezelectnie devices, were
until relatively recently not commonly used for their detection
[17]. This 1s due to their extremely high oxidation potentials,
observed with common clectrochemical systems incorporat-
mg metallic and/or carbon-based electrodes, which make the
final signal poorer, with background noise created from oxi-
dative currents and limited reproducibility [13, 18]

Synthesis techniques of particulate MIPs consist of bulk,
suspension, emulsion, two-step swelling and/or precipitation
polymenzatons [19]. The disadvantage of bulk imprnting,
the most commonly used technique, lies i the high volume of
material and template that 1s required by the synthesis. The
monolith particles obtained can also have a low capacity due
to binding-site heterogeneity and poor site accessibility stem-
ming [rom the gnnding process needed to break the polymer
brick [20], thus there is a need to mvestigate altemative
synthesis strategies.

Though MIPs have already been successfully apphied to the
majority of the contemporary transduction mechamsms [21],
there s mstead a deficnt in the avalability of factle immobili-
zation methods for particulate MIPs onto the surface of avail-
able ransducers for rapid sensing of the targeted molecule;
such methods would allow for the rapid substitution of the
molecule targeted by the sensor via a change in the mpnnied
template rather than the labonous redesign of the sensor, thus
greatly increasmg the versatility of the systems.

The key difficulty n the search for an effective immobili-
zation method for particulate MIPs lies in the compromise
between extraction or measurement tme and reproducibility.
When using monolithic MIP particles, a large quantity must
be used m order to negate the potential heterogeneity of the
measurcment due to the aforementioned accessibility 1ssues.
When such particles are immobilized in lower quantities, ina

212



6. Publications

Voltwmmetne theophylline- sensor using sol-gel immaobilized MIPs

915

membrane forexample, the decreased availability of the bind-
ing sites lead o undesirably high vanability between mea-
surements [ 14]. Incorporation of the monoliths nside the
electrode inereases the robustness ol the sensor and allows
the use ol more aggressive strategies to be used lor signal
amplilication [13] though this method does not allow for the
removal of the template upon re-binding and thus effective
regeneration of the sensor 1s not possible.

Though the use of an agarose membrane for the mmobili-
zation of MIP particles onto a sensor surface 15 well document-
ed [20, 22], it was rejected due to the show response time with
respect o membrane thickness, an increase of which s required
with respect to increased oxidanon potential of analyte. Also,
the complete coverage of the MIP particles by a membrane
would also negate the possibility of electrode regeneration.

Sol—gel immobilized MIPs have been repored m which
high voliage potentials (1.4-2.0 V) are mcorporated into the
sensing [23]. Further work by the same laboratory immobi-
lezes hyper-branched MIP particles inside an identical sob-gel
membrane [ 24]. While the non-conventional imprinting strat-
cgy employed, known as the Takagishi method 15 effective
[25], the elevated temperatures used during the polymeriza-
tion process renders itunsuitable for imprinting many organic
molecules. 1t should also be noted that it 15 also possible 1o
mmprint directly into a sol-gel matrix, usmg 1ts polymeric
structure to replace one or both of the functional and
crosshinking monomers [26] though this strategy was also
rejected i favour of maintaining the segregation between
the imprnung and immobilization events.

In this work, a theophylline-tmprinted polymer-incorporat-
ing voltammetric sensor 1s presented. Microspherical
macroporous MIP particles were immobilized using the sol-
gel techmque together with graphite as the conducting medi-
um on the surface of a carbon electrode. The theophylline-
imprinted polymer was syntheszzed using standard protocols
of precipitation polymerisation and their morphology and size
distribution was confirmed via Scanning Electron Microscopy
{SEM). Prepared sob-gel membranes were also charactensed
using confocal microscopy. Pamary response and clectrode
regeneration was investigated usmg adsorptive strppmg volt-
ammetry (ASV) employing the differennal pulse technique.
Cross response to other methylxanthines: 1.7-
dimethy lxanthine, cafleine and theobromine was fully
characterised. The limit of detection of the electrode was also
demonstrated using chronoamperometry.

Experimental

Reagents and chemicals

50 pm particle size graphite powder (Merck, Damstadt,
Germany; htep://www.merck.com/) was used in the

preparation of the sol-gel membranes and of the epoxy-
graphite electrodes. Epotek H77 resin and its comresponding
hardener (Epoxy Technology, Billenica, MA, USA; hup/
www.epotek.com/) were also used in the electrode
fabrication. All reagents were analytical reagent grade. All
solvents were purchased from Scharlab, (Scharlab,
Barcelona, Spain; http://www.scharlab.com/). 1,7-
dimethylxanthine, theophylline, theobromine, calfeine,
methacrylic acid (MAA), cthylene glycol dimethyl acrylate
(EGDMA) and tetracthyl orthosilane ( TEOS) were purchased
from Sigma-Aldnch (Sigma-Aldnch, St. Lows, MO; hitps:/
www.sigmaaldnch.com/). The madical imtiator 2.2°-Azobis
(2.4-dimethy Ivaleronitnle) (AIVN) was purchased from
Wako Chemicals GmbH {Wako Chemicals GmbH, Neuss,
Germany; http://www. wako-chemicals de/). All other acids
and potassium hydrogen phthalate were purchased from
Panreac (Panrcac, Barcelona, Spam; hittp:/fwww panmeac.es’).

Apparatus

All polymensations were done ina water bath controlled with
a Huber CC1 thermoregulation pump (Huber
Kaeltemaschinenbau GmbH, Offenburg, Germany; hip 2/
www. huber-online.com/). All experiments were conducted
using a commercial 52-61 platinum combined Ag/AgCl ref-
erence and counter electrode (Crison Instruments, Barcelona
Spain; hitp://www.ensonmstruments.com/). All vollammetric
measurements were carried out using a DropSens pStat8000
multi-potentiostat/galvanostat and processed using Dropview
8400 computer software (Dropsens, Oviedo, Spain; hipo/
www.dropsens.com/). Chronoamperometry measurements
were executed using an Autolab PGStat 20 (Metrohm
Autolab B.V, Utrecht, The Netherlands; hitp:/www.
ecochemie nl/y. SEM analysis was executed using a
MERLIN FE-SEM (Zeiss GmbH, Jena, Germany; hitp://
www.zelss.com’). Confocal microscopy was done with a
Leica DCM-3D system (Wetzlar, Germany; hitp://www.
lelca-microsy stems.com/).

Preparation of theophylline-imprnted polymer particles

The protocol {or the precipitaton polymerisation synthesis of
the MIP particles was taken from the literature [27]. In briet,
inhibitor in the MAA and EGDMA was removed immediately
prior to use via passage through separate inhibitor removal
columns (Sigma-Aldrich, St. Lous, MO; hitps://www.
Sigmaaldrich. com/). 0.255 mmol of Theophylline was
combined with 0911 mmol of MAA 1n 40 mL of
acetonitrile in a round bottomed flask. The mixture was then
strred gently at low temperature for 10 min. 3.64 mmol of
EGDMA and 0.0852 mmol of AIVN were then added and
mixed brnefly. The solution was sonicated under vacuum and
then purged with nitrogen for 10 min, at which point the flask
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was sealed and placed in 2 60 °C water bath for 16 h. A control
non-impnnted polymer was also created using an identical
procedure with the onussion of theophyllme. The MIP part-
cles were then removed from the porogen via centrifugation at
4500 RPM for 10 mm and then equally divided between three
15 mL Falcon wbes. The particles were washed using 10 mL
of 9:1 methanol: acetic acid solution for 1 b, at which point the
washing solvent was refreshed; next, the tubes were centri-
fuged and the supematant replaced. This process was repeated
5 tmes to ensure the complete removal of the template mol-
ccule; the particles were then rmsed agam with methanol only
and dred in an oven at 70 °C.

Electrode preparation and MIP-sol—gel immobilization
and regeneration

The electrodes used for expenmentation were epoxy-graphite
composite electrodes of normal use in the laboratory of the
authors and were prepared using a previously published m-
house protocol with a final geometric surface area of
0.28 mm” [28). Following the cunng duration, the electrodes
were wet-polished with 400 gt abrasive-paper and degreased
with acetone. The immobilizaton of the MIP particles onto
the surface of the epoxy-graphite electrode was modified from
a previously published protocol [29]. 0.5 mL TEOS, (1.5 mL
ethanol, 0.25 mL water and 25 pL of 0.1 M hydrochlone acid
{HC1) were combined and stired vigorously for 35 min and
rested for approximately 45 min o arnve at the syneresis
stage. This hiqud was combmed with graphiie and a MIP-
DMF suspension in the ratio 200 ul to 7 mg to 40 ul
respectively. The MIP-DMF suspension consisted of 15 mg
of MIP particles and | mL of DMF; the experimental control
consisted of particles polymensed m the absence of the tem-
plate, a non-impnnted polymer (NIP). This muxture was shak-
en for 10 min at 1400 RPM. 10 uL of this solution was
deposited in the centre of each electrode and evenly distnbut-
ed via a home-made spin coater at 1400 RPM for 60 s. The
electrodes were dned at atmospheric pressure at 5 °C over-
night and conditioned in water for 1 h belore use. For regen-
eration expenments, the electrodes were immersed in 0.05 M
HCl at 6065 °C for 10 min and then conditoned in water for
1 h belore subsequent use.

Electrochenmical measurements

Differential Pulse Voltammetry in all experiments was per-
formed with a scan range between 1 and 1.7 WV, a pulse
potential of 0.01 V, duration of 300 ms and a scan rate of
0.04 Vs ' A base line measurement was taken at =0 (1)
from which all proceeding measures were subtracted.
Chronoamperometry experiments were performed at
+1.18 V. All measurements were done in pH=3 phthalate
buffer with the pH adjusted using 0.1 M HCL. An
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accumulation time of 5 min wasused inall experiments unless
otherwise stated whereby the electrode was immersed i the
analyte abead of the measurement event.

Results and discussion
Particle synthesis and sol-gel immobilization

Precipitated microspheres were used lor sol—gel immobiliza-
tion due to their small size and high homogeneity. The syn-
thesis protocol used employed o molar ratio of 1:4 MAA:
EGDMA to ensure high crosshnking and optimal ngidity 1o
mamtam binding-site momphology within the polymer matnx.
The yield following template removal was 563 mg, caleu-
lated as an efliciency of 64 % by waght, 24 % less than that
given by Ye et al. [27]. This drop in yield efficiency is
speculated o ongnate in the lower centnlugation speeds used
during the template removal process. SEM analysis confirmed
the formanon of highly uniform sphencal particles (Fig. 2a
and b). A superficial roughness or ‘wrinkled” aspect was
observed on the surface of the polymers; an advantageous
feature of macroporous particles due to the increment
surface area it provides. This surface area s permanent both
1 the dry state and 18 not susceptible o solvent-related swell-
ing, a feature of traditonal monolith MIPs which can place
stress on both the polymer and the supporting matnx, a
phenomenon which can affect rebinding performance [30].
A subsequent statistical analysis (Fig. 2c¢) found the particle
size dismbution to be in keeping with that published in the
literature. 54 % of the particle yield was made up of sizes at
970nm while 96 % of the yield was above 665 nm. In contrast
to the large positive skew seen in the distribution of the MIP
particle synthesis, the NIP contol saw a quite namow (o=
33.1 nm), nommal distnbution of particle szes; with 46 % of
the yield bemg sized at the mean value and 86 % of the total
being at or above the mean of 116 nm, shown in Fig. 2d.
The greatly dimmished particle size demonstrates the sen-
sitvity of precipitaion polymensation protocols to the choice
of template due w the augmented solubility parameter which
the presence ol the template, theophylline, provides relative to
the control. In bnel, the solubility pammeter s a term in
polymer chemstry used to desceribe solvent-monomer com-
patibility based on the absolute sum total of the dipole-dipole,
hydrogen bond and dispersion forces between the solvent and
the dissolved monomer (s). When polymerisation is induced,
the resultant chain becomes progressively more unstable until
the point of phase separation which causes the collapse and
subsequent precipitation of the polymer cham into the solvent
and thus the formaton of a polymer particle. In the case of
MIPs, the additional polar surface arca of the template mole-
cule provides substantial addinonal thermodynamic stability
dunng chain growth which can significantly delay polymer
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Fig. 2 SEM ofunifrm spherical
Theophylline-Imprinted Polymer
particles (a) and the NIP control
(b): Statistical analvsis of MIP
particle siee distribution with a
mean of B 19 nm and standard
deviation of 153 am (e} and
statistical analysis of NIP paticle
size distribution with a mean of
106 e and standard deviation of
33 nm (d)
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precipitation into the solvent phase, resulting i a large size
difference between the MIP and 1is control [31, 32]; in this
case, this size difference is 7-fold. The increase in particle size
distribution observed m the MIP relative to its control can be
minimised with decreased mechanical agitaton, which is the
main source of wrbulence within the solvent phase during the
polymersation process.

Optimisation and determination of deposition, dryng
and regeneration sol-gel conditions

In order to obtain a sensing surface usable for voltammetry, it
was decided 10 immobilize the obtained MIP microspheres
within a sol-gel matrix. This was done by modifying a pro-
cedure determined by Patel et al. [23, 29, 33, 34). Optimal
results were seen when the electrodes were chilled immeds-
ately following the deposinon and distribution (spin coating )
and allowed to dry over mght at ambient pressure. Though
signal intensity was seen to be rlated 1o the final gel thick-
ness, an optimsed deposited volume of 10 pl on the graphite-
cpoxy composite electrode was chosen as larger deposition
volumes were seen o crease the nstance of crack formaton
on the gel surface, a finding consistent with the literature [35].
Though it1s possible o negate the instance ol crack altogether
as well as to achieve extremely high film uniformuty via
multiple layered depositions [26], the signal augmentation that
was seen with the single deposition was not replicated when
multiple layers were built up on the electrode surface. The use
of high-potential voltammetric cycling or sustamed high volt-
age pre-reatments were seen to be detnmental to the swructural

Pasicle siee jnm)

iniegnty of the sol—gel and thus obliged the subtraction of
mierfenng background currents prior to cach measurement.
Perfomance of measwrements m strong acids in order 1o
increase the signal to noise ratio, as used for the detection of
similar compounds [13], also was not feasible as the acid
caused the gel detenomtion due to continued hydrolysis of
the sol-gel membrane.

To elaborate on the choice made for buffer pH, theophyl-
line exhibits a sharp approximately linear inerease m oxidative
current with acidifying pH values | 18], However, with respect
to the MIP recogninon element, this augmentation m signal
intensity can only be exploited until a point before the degree
ol tonisation of the target molecule m the buller renders 1t unfit
for the mpnnted cavity and thus dropping selectivity [24];
high relative standard deviation (RSD) also occurs when
detection 1s attempted at pH values too close o the pK, of
the target. Accordingly, pH 3 was chosen as the detection pH
sufficiently distanced from the dissocation points of theoph-
ylline given as 5.6 and 2.5 [37]. The use of such a bufler
combines the binding and signal augmentation requirements
to allow for a facile single step detection process without
losmg the imprinung effect of the MIP relative to its control.

Upon deposition, the sol mixture was evenly distnbuted
using a home-made spin coater When dned, the thickness of
the membrane was measured using a 3D confocal microscope
(Fig. 3a). 1t was observed that though the greatest thickness
remained at the centre of the electrode at the site of the
deposition, the overall distribution of membrane thickness
was relavely umform varying from approximmately 200 pm
at the extreme penpheries of the electrode to 300 um at the
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Fig.3 3-dimensional surface profile and film-thickness of sol-gel on electrode surface obtained by confocal microscopy examination (a): SEM images
ofa deposited sol-gel membranes containing graphite only (b) and the sol-gel immobilized MIP and NIP microspheres (¢ & d)

onginal deposition point. This vanation was seen to anse from
the decrease in solution thickness, as well as graphite particle
quantity, which occurred when the graphite particle size was
mereased while the mass proportion remained constant; this
fact decreasing the m-situ availability of the graphite causing a
substantial gradient to be observed. Increasing the mass pro-
portion of the graphite in order to compensate this reduction,
though aiding i the homogencous distribution of the gel upon
disposition, provoked an increased incidence of crack forma-
tion in the sol-gel surface upon drying; this obliged a reduc-
tion in deposition volume and decreased signal strength.

It was seen that the MIP particles preferentially occupied
the surface of the sol-gel clectrode, clustering around the
graphite particles (Fig. 3b—d). This orientation 1s advanta-
geous as it reduces the incidence of non-specific interactions
between the analyte solution and the graphite particles and
thus maxmmises the specific binding events between the MIP
particles and the target analyte. The high availability of the
MIP particles at the surface of the sensor also allows for a
reduction in the immersion time in the analyte required before
measurement can occur as well as allowing the sensor to be
regenerated as will be discussed below.

@ Springer

The volume of MIP particles in the sol-gel membrane was
determined through varying therr concentration n the MIP-
DMEF suspension that was used duning the synthesis ofthe sol—
gel membrane (Fig. 4). It was found that 15 mg/mL caused the
greatest augmentation i signal strength for the MIP-sol-gel
electrode after which point the insulating effect of the meth-
acrylate particles overrode the impnnting eflect of the MIP.
Interestingly, a linear decrease m oxidation potential was
observed with respect to polymer concentration m the sol-
gel. Inthe case of theophylline this decrease was from +1.22 V
the lowest concentrations tested (0-7.5 mg-mL Yto+1.09V
for the highest (30 mg-mL ).

Electrochemical charactenization

The devised theophylline sensor made by the immobilization
of MIP microspheres in a sol-gel matrix was subsequently
used mn adsorptive stripping voltammetric determination ofthe
alkaloid using DPV. A baseline was taken at t, so as to negate
any nonspecific interactions between the graphite support and
the analyte; all subsequent measurements were subtracted
from this imtial level. An accumulation time of 5 min was
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Fig. 4 Optimisation of the concentration of polymer panticles in the MIP-
DMF suspension used in the svnthesis of the MIP-sol-gel membrane (o)
and NIP-sol-gel contol electode (<) up to 3 mg'mL for 0.27 mmol of
theophylline

chosen for measurements due to the munmal signal imcrease
which occurred therealter; additionally, this low mercase was
accompanied by an mereased inter-electrode signal heteroge-
neity causing a substantial rise in RSD (Fig. 5).

When different methylxanthines were assayed with the
prepared electrode, oxidation peaks of +1.14, +1.18, +1.36
and +1.4 V were observed for 1,7-dimethylxanthine, theoph-
yline, caffeme and theobromine respectively (Fig. 6). An
increase in oxidative peak width observed in the MIP-sol—
gel electrode 1s due to a decrease m the rate of electron
transler, a problem synonymous with sensors incorporating
non-conductive monomers. Though oxidaton peaks can be
sharpened by reducing the scan rate used., this in tum nereases
the duration of measurement and cannot be an ultimate solu-
tion to this phenomenon [23]; the peak width s in keeping
with other voltammetne MIP-mcorporating systems [13].

11

16 - /}_,_r","#

Time (minutes)

Fig. 5 Dynamic response of MIP-sol-gd electrode { 8) and NIP-sol-gd
control electrode (2 ) toward the primary imprinted methylxanthine
(Theophylling) in a pH=3 phosphate buffer solution at a concentration
of .27 mmol L'

EV

Fig. 6 DPV voltammograms of the MIP-sol-gel electode for caffeine,
theophy ling, theobromine and 1, 7-dimethybanthine ata concentralion of
027 mmal- L™, 1=5 min, mnge 1-1.7 V, a pulse dusstion of 300 ms,
pulse potential of 0.01 Vand scan rate of 0.04 Vg™

Current intensitics were extracted from the profiles by
subtmcting the background signal and averages were made
(n=3). RSD was calculated as 6.85 % lor the pnmary target
and an mtensity of 258.1 % (relatve to control NIP-sol-gel
electrode) (Fig. 7). Lesser differentiation was seen between
1, 7-dimethylxanthine, calfeine and theobromine which
yielded mtensities being only 168.1, 125.6 and 119.7 % with
respect to their controls. Though une acid, acetaminophen,
ascorbic acid and glucose were also tested, no oxidation peaks
were produced withm the measurement range, demonstratmg
a reduced interference from non-xanthine compounds.

Regencration of the MIP-sol-gel immobilized clectrode
was attempted. The temperature of 60-65 °C, duration of
10 mm, and acdic strength of 0.05 M HCI, were optimised.
Similar to that found during the optimisation of the deposition

" 0

12

10

2

0
Catteine Theophylline Theobroming 1,7-Dimethylxanthine
Fig. 7 Oxidation peak heights of the MIP-sol-gel electinde {solid bars)
and NIP-sol-gel electrode (white bars) for caffeine, theophylline,
theobmimine and 17-dimethylxanthine at an snalvie concentration of
0.27 mmol L
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Regeneration Cycles
Fig. 8 Regeneration of MIP-sol-gel electrode (@) and NIP-sol-gel
conrol dectrode (9} using thermal-acidic treatment calculated Fom n=
5 replications

of the gel, strong acud and sustamed augmented temperatures
were detnmental to the integnty of the sol-gel structure; thus

the parameters were determmed. [t was also seen that use of

the electrode mmediately following regeneration caused er-
ratic resulis; this 18 believed to be due to the electrode body
acting as a thermal batiery, thus a relaxation penod was
required to retum the electrodes o a base level.

As was observed by Alzadeh et al. [13], measures subse-
quent to the mital binding event decreased in intensity. Such
was the behaviour seen in the MIP-sob-gel electrode whereby

all measures following the first were approximately 70.7 % ol

Table 1
materials for theophylline and reluted compounds

the minal measurement (Fig. 8). It was seen, however, that the
linear pattem seen from the first regeneration cycle one was
consistent for up to 40 regeneration cycles (not shown) with an
average signal loss of 2.35 % per cyde. The initial 293 %
decrease, 18 due to the occupation of the deeply-seated, high
alfimity biding sites within the MIP particle structure which
cannot be completely cleaned following the 1mitial binding
event. This decrease from the mitial signal miensity could be
reduced with the use of a MIP synthesized via photo-activated
polymensation mther than thermal polymerisation; this would
greatly increase the number of lower aflinity binding sites; such
sifes would be suttable for template recognition whilst also
facilitating & more thorough regeneration of the sensor though
conversely, could reduce the accuracy of the resulting sensor by
facilitating secondary structural analogues to bind i these
lower energy sites [38]. The subsequent preferential recognition
of the analyte exhibited by the MIP-sol-gel electrode can be
attnibuted to binding sites located on the aforementioned “wnn-
kled” surface of the particles. The eflicacy of the regeneration of
the sensor hinges on the use of macroporous microparticles,
rather than bulk-polymensed monaliths, whereby a permanent
and heterogeneous pore structure allows the unhindered remov-
al of the template from the binding sites on the particle surface.

The limit of detection {LOD) of the sol—gel immobilized
MIP was seen o be 1| pM (y=53.436x +.0053; R*=0.984),
consistent with the LODs of conductive sensors employing
similardy synthesised un-specialised MIP particles as well as
being in keeping with other contemporary electrochemical
systems lor the detection of theophylline (Table 1). A lower

Summuary of different immobilisation methods for unmodified MIP particles onto conduawe electrodes devices/biosensors with MIP

Template Monomer composition Polymer type  hmobilisation method  Sensing LOD Operational  Reference
principle lifetime
Hydrogquinong MaAATRIM Macroporous  Agarose gel on glassy Voltammetry I pM N/A [20]
microsphere carbon electrode
I-hwdroxvpyrene  StyreneDVE Macroporous  Carbon ink on screen Voltammetry 0.0 mM  N/A [39]
microsphere primed electmode
Caffeine MAAEGDMA Monolith Integrated in cartbon Voltammetry O6nM  N/A [13]
paste electrode
Theophylline MAAEGDMA Film Addhered laver Surface Plhsmon 0.2 mM  N/A [40]
ESOnce
Theophvlline Electmpolymerized Condueting Electropolymerization  Capacitance I uM N/A [41]
phenol polymer
Theophylline Poly {acrylic acid) Laver by layer  Langmuir-Blodgen Gravimelric N/A N/A [42]
film
Theophylling Electupolymerized Condueting Electropalymerization Woltammetry 3 uM N/A [£3]
phenylenedinmine 4 polymer
pold nanoparticles
Theophylline Electmpolymerized Conducting Electropalymerization Cirmvimetric I pM N/A [44]
polvpyrmle polymer
Theophylline MaAA ] ethvlene glyeol Film Direet pol ymerization Voltummetry 0l pM N/A [45]
maleic rosinate acrylate
Theophylline MAAEGDMA Macropomus Sul-gd on carbon pasie  Voltammetry I uM 40 cveles this work
micisphere electrode
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LOD was not possible 1o confirm due to the increasingly poor
signal-to-noise ratio thought to be caused by interference
onginating from the atorementoned background cuments cre-
ated by the graphite electrode, inherent to the detection of
methylxanthines. The authors believe that lower LOD would
be possible with the incorporation of a conducting core mto
the MIP particles dunng ther synthesis so as to augment the
signal wathin the sensor rather than in the solution.

Conclusions

A MIP-meorporating voltammetne sensor, responsive Lo the
alkaloid theophylline has been presented. A modified sol-gel

protocol was explotted to mmobilize MIP microsphencal

particles onto epoxy-graphite electrodes which were synthe-
gised in-house. Pnimary response, cross response (o other
alkaloids, 1,7-dimethylxanthine, callemne and theobromine,
and electrode regenermtion was investigated usmg DPV. The
preferential occupation of the surface of the sol-gd membrane
by the MIP particles allowed both a quick measurcment time
and regeneration of the electrode. It was found a lmit of
detection consistent with sensors incorporating similarly syn-
thesised MIP particles using chronoamperometry. To the au-
thors’ knowledge, this is the first report of a standard
methacrylate-based MIP being used for quantitative clectro-
chemical measurements using sol—gel immobilization

methods.
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Virtual Screening of Receptor Sites for
Molecularly Imprinted Polymers

Ferdia Bates, Maria Concepcion Cela-Pérez, Kal Karim,
Sergey Piletsky, José Manuel Lopez-Vilarino®

Molecularly Imprinted Polymers (MIPs) are highly advantageous in the field of analytical
chemistry. However, interference from secondary molecules can also impede capture of a
target by a MIP receptor. This greatly complicates the design process and often requires exten-
sive laboratory screening which is time consuming, costly, and creates substantial waste
products. Herein, is presented a new technique for screening of “virtually imprinted recep-
tors” for rebinding of the molecular template as well as secondary structures, correlating the

virtual predictions with experimentally acquired

data in three case studies. This novel technique is par-
ticularly applicable to the evaluation and prediction
of MIP receptor specificity and efficiency in complex

aqueous systems.

MIPs embody an excting and dynamic research field with
many hundreds of articles being published annually in
all areas of analytical chemistry.! In conventional non-
covalent imprinting scenarios using the bulk imprinting,
whereby the target analyte is imprintable and there is
minimal control over binding site heterogeneity, the func-
tional monomer (FM) selection process can be resolved to
the primary affinity of the template monomer complex;
in other words, a high affinity primary template~FM com-
plex indicates a high-affinity and efficiently imprinted
polymerl

M. F. Bates, Dr. M. C. Cela-Pérez, Dr. ). M. Lopez-Vilarifio
Technological Research Centre (CIT)

University of Corufia

15403 Ferrol, Spain

E-mail: iquimica@udces

Mr. F. Bates

Sensors and Blosensors Group

Department of Chemistry Autonomous University of Barcelona
of1g3 Barcelona, Spain

Dr. K. Karim, Prof. 5. PFiletshky

Department of Chemistry

University of Leicester

Leicester LE1 JRH, UK

Macromal. Blasel. 2016, DO 1oowozimabl 2o o046t
£ 2016 WILEY-WCH Verlag GmbH & Co. KGaA, Weinheim

wil eyl nell bra ry. com

Fo— Ui =3

Regardless of the efficiency of the imprinting and poly-
merization process, the efficacy of the artificial receptor
can be severely reduced when the receptor is evaluated
in real samples, in the presence of structural analogues
and interferent molecules. An additional attenuator to
progress may arise when the targeted analyte is not
imprintable due to high price, low sclubility, terminal
double bonds, thermal sensitivity, or tautomeric struc-
ture. In this latter case, it may be viable to attempt the
use of a "dummy template” whereby a structurally sim-
ilar, imprintable mdlecule is used to form binding sites
within the polymer!®l It is thus possible to selectively
capture an otherwise unimprintable molecule whilst still
profiting from the improved stability and lower cost that
MIPs relative to their biological counterparts. While this
"dummy” strategy can be quite effective, the added level
of complexity that it adds to the design process is signifi-
cant. Even binding sites of low specificity may be unsuit-
able for docking and detection of the target molecule as
they are imprinted around unsuitable functional groups
on the dummy-template due to the structural activity
relationship (SAR) paradox whereby structurally similar
molecules may have significantly differing properties
and complexing behavior with the FM.¥l These compli-
cations oblige lenpgthy laboratory screening processes to
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determine the optimal template-FM combination and
even then, the level of insight into the docking mode of an
analyte or interferent, or the root cause of MIP specificity,
is limited. Needless to say, any method to reduce this
workload would not only save man-hours but also reduce
the consumption and production of expensive chemicals
and waste byproducts respectively, thus allowing further
streamlining the design process and further aligning it
with the green chemistry ethos.l*]

Though computational modeling has been thoroughly
applied to MIPs for ranking of primary template-FM
affinity with excellent results,l"'g] there has been, to date,
no non-superficial way to evaluate the rebinding ability
of MIPs, taking into account the cumulative steric effect of
multiple FMs within the receptor site; a unique property
of the open source "Autodock” virtual molecular docking
suite 191 in concert with established thermodynamic
calculation of the optimal stoichiometric template-FM
complex® allows for exactly this.

The modus operandi of the Autodock algorithm is
desipned to reduce the required computational work-
load and processing time. To achieve this, receptors
and ligands are independently defined. Bond types are
defined only as connections between atoms while their
energy is represented within the partial charge assigned
to each atom when the molecule is saved in the Autodock
file format. The receptor is resolved to a static, rigid struc-
ture into which mobile ligands can be evaluated for dock-
ability. The ligand structure is assigned a "torsion tree”
whereby a selected "root” atom within its structure pro-
vides a reference point from which degrees of rotational
freedom are assigned to “branches.” The degree to which
the receptor can restrict this lipand mobility, along with
interactions between each molecule's structures, calcu-
lated via a number of superficially weighted, predefined
parameters, allows Autodock to assign an affinity score
to the receptor-ligand complex. This resolution of the
receptor structure to a rigid body allows for the facile and
rapid evaluation of these ideal stoichiometric complexes,
created using rmore highly defined molecular modeling
environments (9

To demonstrate the potential of this technique, three
case studies have been selected in which visualization
and interpretation of the model system may significantly
aid in the understanding and development of the experi-
mental system. All results were cbtained from inde-
pendently conducted and previcusly published works,
allowing their findings to confirm the retrospective anal-
ysis. These systems are the detection of tetrahydrocannib-
inol (THC) using a Catechin—hydrate MIP with acrylamide
as FMY! (case study 2) and the detection of Bisphenol A
and Bisphenol F using a Bisphenol A MIP with 4-vinylpyr-
idine as the FMIZ4] (case study 3) both of which are
discussed in detail in the supporting information The

Macromol Bloscl 2016, DOL waooz2/mabl 201500461
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first case, involving the detection of hypoxanthine a
metabolite of adenosine triphosphate (ATP) from food
productsi®¥l using a selection of theophylline MIPs is
detailed in brief below.

The two former studies were specifically selected due
to their significance in demonstrating notable aspects
of this application of the virtual docking technique. In
case study 2, the scenario in which detection takes place,
interferents in the form of other pharmaceutics, caf-
feine and acetaminophen, serve to disrupt the primary
docking event between the MIP receptor and the target,
THC, rendering the MIP unable to bind it. When evalu-
ating the affinity score, especially in a scenario where
several molecules with differing characteristics and
solubilities are present, it is important to keep in mind
the abstract nature of the receptor model, consisting of the
FM molecules of the MIP receptor only. Disregarding the
crosslinking co-polymer, which can constitute upwards of
80% of the total mass of the MIP leaves the virtual model
unable to penalize the receptor for the hydrophobic con-
tribution it makes to the net capture of the molecule of
interest. For this reason, especially when modeling high
solubility ligands, the scores presented cannot be directly
used as an indication of capture efficiency. Instead, highly
soluble molecules may interact with the receptor site
while not leaving their strong solvent cage, thus blocking
other lower affinity docking events from occurring. In
other words, though the predicted affinity cannot always
be directly equated to successful capture, it can be used to
indicate the disruption of lower affinity docking events.

Evaluation of the bond distances within the ideal stoi-
chiometric complex, such as are shown in Figure 1 and
Table 1, can be used to create a hierarchy of bond strength
and thus a madimentary indication as to the probability
of each bond enduring the polymerization process.
Using this ranking method, incomplete imprinted sites,
implying those with less than the maxmum stoichio-
metric ratio, can be screened for respective contribution
to the imprint-effect; particularly applicable in cases
where there is a high stoichiometric ratio whereby the
maximum ratio is unlikely to occur (case study 2.

This presented method of receptor site screening can
also be used to investigate any change in binding mode
when the solvent medium is changed from the typically
apolar porogenic solvent to the agueous environment for
which the default Autodock scoring algorithm is optimized
and in which the majonty of physiological processes take
place. This is particularly apparent in case study 3 where
the ideal hydrogen bond-based complex was weak and so,
was unable to re-form when rebinding was attempted;
forming instead a hydrophobically driven complex which
facilitated the alignment of the complementary donor and
acceptor atoms within the receptor and ligand. In addi-
tion to this change in binding mode, the formation of only

Mes
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Figure 1. Predicted stolchiometric complexes between theophyl-
line and acrylamide (top-left), HEMA (middle-left), and MAA
[bottam-left) formed through a thermodynamic simulation (sup-
porting information), and the primary docking modes predicted
by VINA for hypaxanthine and theophylline (transparent) for the
acrylamide [top-right), HEMA (middle-right) and MAA (bottom-
right) receptor; hydrogen bondsare shown for hypoxanthine (red)
and theophylline (blue)

low energy hydrogen bonds between the template and
FM also led to a high failure rate of these complexes, thus
reducing the imprint effect and consequently the capacity
of the MIP relative to the control polymer.

wwwmbs-|ournal.de

In this first case study, stoichiometric complexes
between the MIP template (theophylline) and the FMs,
acrylamide, hydroxyethyl methacrylate (HEMA) and
methacrylic acid (MAA) were created using an established
thermodynamic simulation protocol (supporting infor-
mation). FM ratios of 5, 3, and 3 were attained for acryla-
mide, HEMA and MAA respectively (Figure 1) and the
sites where hydrogen bonds were formed on the template
were noted using standard nomenclature convention*’l
(Table 1b, Figure 51, Supporting Information). This com-
plex could then be imported into the Autodock GUIL Auto-
dock Tools. ™! where the template could be removed; the
remaining FMs were then saved as a rigid receptor file,
thus securing the exact topology of the FMs and creating
a "virtually imprinted” receptor site. The target and tauto-
meric structural analogue of theophylline, hypoxanthine,
could then be docked as a lipand into this receptor using
the Autodock "VINA' scoring function!®! The docking
affinity score, re-formation of hydrogen bonds and the
spacial "dockability” of hypoxanthine to the receptar was
compared both between receptor sites and also with that
of theophylline (Figure 1, Tables 1 and 2).

As expected, acrylamide provided the strongest
docking affinity in both the predicted and experimental
models due to the combined effect of a high stoichio-
metric ratio with the dummy-template and highest rate
of hydrogen bond re-formation with the tamget. In addi-
tion to this, the affinity of the primary template—FM com-
plex was experimentally determined to be an order of
magnitude higher than the other two FM candidates!*?!
thus ensuring a high probability of imprinting success
during polymerization.

Table 1 Sites of the hydrogen bonds formed en the template and ligand structures for primary template~FM complexes (Le., the location
of the strongest and most probable hyd rogen bonds) (a), and for the predicted stolchlometric complex (b) and the redocking event (c).

(a) Theophylline® Hypoxanthine?
Acrylamide 7N-H; 6-0 1IN

HEMA FN-H; 6-0 FN-H; 6-0

Maa 7N-H; 6-0 TN-H

(b) Theophylline-FM stoichiometric ratio Site of hydrogen bonds**
Acrylamide 5 (6-0(2.3], 6-0 [2.2]); 7N-H [2.5]; (9N [2.8], 9N [3.1])
HEMA 3 2-0[1.8]; 6-0[1.9]; TN-H[2.8]
MAA 3 6-0 [1.7]; 7N-H [1.8]; onl
(c) Theophylline** Hypoxanthine*b
Acrylamide 9N [1.9] 1N [3.6]; 9N [4.2]
HEMA (6-0[2.3], 7N-H [2.6]); 7N [2.8] 3N-H[2.3]; 6-0 [28]

MAA 6-0[2.7]; 2-0 [2.7]

“Igites of hydrogen bonds are defined on the template and ligand structures using stand ard nomenclature corwention'™ (Figure §1, Sup-
porting Information); "parentheses indicate that multiple FMs bonding with the same ligand atom while semicolons separate sites on
the ligand structure with bond length of each given in [A] after each entry.
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imprinted receptors shown in Figure 1 predicted by the VINA

I Table 2. Docking affinity scores (keal mol™) for theophyliine-
scoring function and by laboratory experimentation.

Hypoxanthine Theophylline

Experimentall™® VINA Score VINA Score
Arrylamide 5.34 25.6 16.8
HEMA 5.09 241 16.4
MaA 275 228 14.7

The novelty of this technique, however, is not seen in
the confirmation of the highest affinity template-FM
combination, but rather in the explanation that it pro-
vides for the sizable difference in performance for the
HEMA- and MAA-based MIPs. Though both FMs shower
comparmable primary affinity scores, with MAA actually
out-performing HEMA, the HEMA-based MIP exhibited
affinity towards hypoxanthine closer to the acrylamide-
based MIP while the MAA-based MIP displaying the
poorest hypoxanthine-affinity of all (Table 2). As this
cannot be explained by the calculated primary affinity of
the template—FM complex, it must then be assumed that
the enhancement must come, instead from the topology
of the imprint created template—FM stoichiometric com-
plex and the orientation of the FM dipoles within the
imprinted receptor,

Visualization of the redocking event and of the
imprinted-receptor itself clearly shows that hypoxan-
thine docks most efficiently into the receptor created
by HEMA, aligning the molecule most closely to the
imprinted template, theophylline, of the three mcep-
tors examined (Table 1c). This can be specifically attrib-
uted to the HEMA molecule interacting with the "2-0"
oxygen atom on theophylline’s structure; this interaction
is unique to HEMA, with the acrylamide and MAA stoi-
chiometric complexes forming around the opposite side
of the template.

Furthermore, regarding the HEMA receptor, the align-
ment of the interacting donor-acceptor atoms during
the imprinting of theophylline and the hydrogen bonds
formed upon the docking of hypoxanthine are the most
similar of the three. Additionally, hydrogen bonds pre-
dicted to formn between hypoxanthine and the theophyl-
line-imprinted HEMA receptor involve the functional
proups of the primary hypoxanthine-HEMA complex
(Table 1a) thus providing the highest probability of such
docking event occurring homogeneously en-mass, thus
making them experimentally detectable in practice.

The poor experimental performance of MAA receptor
can be attributed to its inability to form hydrogen bonds
with hypoxanthine upon redocking. In the absence
of such strong directional bonds, the potential energy
between the MAA functional proups and hypoxanthine

Macremol Bloscl 2016, DOL woyoo2/mabl 201500461
& 2010 WILEY-WCH Verlag GmbH & Co. KGaA, Weinheim

may not be strong enough to desolvate the molecule out
of its solvent cage and into the receptor cavity. This issue
is compounded by the hydrophobia of the crosslinking
polymer which further reduces the agueous performance
and experimental affinity of the MIP-receptors. An aspect
discussed at greater length in case study 2 (Supporting
Information). In the case of the acrylamide receptor,
whose monomers were in positions similar to those of
the MAA receptor, the increased stoichiometric ratio and
higher primary affinity both serve to position the hypox-
anthine molecule in an orientation which is then more
favorable to hydmopgen bond formation, thus providing
sufficient energy to capture the target molecule from the
solution through the concerted effect of the functional
grounds of the FMs.

The increased level of insipht which the technique
detailed in this cornmunication provides, not only serves
to rapidly evaluate the imprinting efficiency and perfor-
mance of a receptor, but also can greatly reduce labora-
tory man-hours and costs due to its ability to rapidly
simulate docking events for large numbers of both ligand
and monomer libraries. This allows the user to make an
accurate prediction of the specificity of the MIP using spe-
cific template-FM combinations, thus eliminating poor
combinations ab initio. This, in turn, reduces the labora-
tory workload and screening time whilst also decreasing
negative environmental impact through a reduction of
harmful waste products resulting from laboratory syn-
thesis and experimentation. Given the specificity of this
technique, it is expected to be of particular relevance to
high affinity MIP nanoparticles 'l where affinity separa-
tions can isolate highly homogeneous receptors.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Abstract

A novel protocol for use of molecularly imprinted polymer (MIP) in analysis of melamine is
presented. Design of polymer for melamine has been achieved using a combination of
computational techniques and laboratory trials, the former greatly reducing the duration of the
latter. The compatibility and concerted effect of monomers and solvents were also investigated and
discussed. Two novel open source tools were presented which are: the online polymer calculator

from mipdatabase.com and the application of the Gromacs modelling suite to determine the ideal

stoichiometric ratio between template and functional monomer. The MIP binding was characterised
for several structural analogues at 1-100 uM concentrations. The use of DVB as cross-linking
polymer and itaconic acid as functional monomer allowed synthesis of MIP with imprint factor for
melamine IF=2.25. This polymer was used in HPLC for the rapid detection of melamine in spiked
milk samples with an experimental run taking 7-8 minutes. This approach demonstrated the power

of virtual tools in accelerated design of MIPs for practical applications.

Keywords: melamine, milk, molecularly imprinted polymer, molecular modelling, molecular

dynamics
1. Introduction

Molecularly imprinted polymers (MIPs) have become a widely known and growing part of the field
of polymer chemistry (1, 2). Their great advantage is that they can be used in a wide range of
environments and applications due to their high thermal and chemical stability. Additionally, high
specificity and affinity in MIPs can be achieved by tailoring of their binding site at a molecular
level. Although there are several formats of imprinting protocols available, by far the most popular

method used in practice remains bulk imprinting, where solution containing template and
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monomers is polymerised to form a solid ‘brick’ which can then be broken, washed and used as the
specific application requires such as the packing media of HPLC or SPE columns or as the detection
element of molecular sensors (2). Though it is the most tried and tested technique with a minimal
number of interdependent steps, a notable challenge of the traditional molecular imprinting strategy
of bulk imprinting can be seen when the molecular template selected has a low solubility in organic
solvents. The solubility of the template can be increased by the addition of an appropriate functional
monomer (FM), as is done in this present study to great effect; however the phase separation during
polymerisation still can lead to the precipitation of the template back into the solution. This danger
of template precipitation can be further minimised by the use of a co-monomer with a higher
affinity to the template, however this can reduce the specificity of the polymer. Indeed, the
solubility of the template in the porogen and the manner in which it interacts with the functional

monomers can markedly affect the efficiency of the imprinting process (3).

Melamine, a highly nitrogenous compound, is a heterocyclic triazine. It is used extensively in the
synthesis of melamine formaldehyde resin which is, in turn, used in the fabrication of everyday
products such as laminates, fabric coatings, commercial filters, glues and adhesives in addition to its
general use in food containers and various common kitchenwares (4). Given its close proximity to
food stuffs, the need to accurately detect and monitor it is paramount, especially when melamine
combines with cyanuric acid (5-7). The hydrogen bonded complex of the two molecules is highly
insoluble and precipitates in the kidneys to form stones which can lead to potentially fatal kidney
failure (8).

Due to the aforementioned nitrogen content, counting for two thirds of its molecular mass,
adulteration of dairy products with melamine has been employed as a method of artificially
augmenting the apparent crude protein content (9) and as a cheap food supplement in cattle feed
(10). Contamination of infant formula and pet food with melamine has caused a global scandal
following the deaths of a number of babies and the hospitalisation of several thousand more (11). n
2004 the World Health Organisation (WHO) established a tolerable daily intake (TDI) of melamine
of 0.2 mg/kg of body mass, a reduction from the previous level of 0.63 mg/kg set by the American
FDA based on data collected in 1983 (4).

As a result the call was issued for more discriminating detection methods for melamine. For this

reason, great efforts have been made in recent years to develop reliable methods for the detection
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for this molecule. Exhaustive research has been performed on the application of aptamers,
immunoassays, colorimetric and electrochemical sensors for analysis of melamine (4, 12).
Unfortunately these approaches suffer from high price and limited dynamic and thermal stability of
specific binders used in the assays and sensors. It is logical then that the application of MIPs for the
detection of melamine has been attempted using several different imprinting and polymerisation

methods.

The study herein details the design and development process of a melamine imprinted polymer
utilising itaconic acid (IA) and divinylbenzene (DVB) as the functional monomer and cross-linker
respectively. These components, along with the porogenic solvent, dimethyl sulfoxide (DMSO)
were selected with the aid of a computational algorithm to rank monomers affinity toward
melamine; the affinity rankings were confirmed with complimentary laboratory trials. Additionally,
ideal stoichiometric ratios between melamine and IA were calculated using two independent
protocols the second of which, utilising the open source modelling suite, Gromacs (13), has not
been applied to this task prior to current work. The polymerisation method and temperature were
optimised to produce a polymer most suitable for use as packing media for a HPLC column. HPLC
mobile phase composition and isocratic flow rate was also optimised for separation efficiency,
measurement time and resolution. The MIP was characterised for selectivity and specificity against
several structural analogues before being used for the detection of melamine in liquid and powdered
milk samples. Rapid and selective detection of melamine was achieved with the optimised process
taking 7-8 minutes. The maximum imprint factor of the polymer column was calculated to be
IF=2.25 and this showed discriminative preference for melamine at concentrations from 1 to 100
uM.

2. Experimental

2.1 Reagents

Melamine, acetoguanamine, cyanuric acid, urea, triazine, itaconic acid (1A), divinylbenzene (80%
mixture of isomers) (DVB), dimethyl sulfoxide (DMSO), 1,1' azobis-cyclohexanecarbonitrile
(AICN), 2,2"-azobis 2-methylpropionitrile (AIBN) and formic acid were all purchased from Sigma-
Aldrich, UK. All reagents and solvents were analytical or HPLC grade and were used without any
additional purification except for DVB which was technical grade. All water used was triple

distilled and deionised to a resistivity of 18.2 MQ'm™ by a Milli-Q purification system (Millipore,
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Billerica, MA, USA). Real milk samples were purchased at random at local supermarkets in
Leicester, UK.

2.3 Molecular modelling

2.3.1 Virtual screening of molecules

The molecular modelling protocol employed to determine and rank candidate monomer molecules
for effective binding with the template has been extensively documented elsewhere (14, 15). This
method uses the DREAM method of the LEAPFROG algorithm, a component of SYBYL (v. 7.3)
modelling suite (Tripos Inc., St. Louis, MO, USA). The parameters of the binding upon which the
binding score is calculated, have been optimised to favour the ability of monomers to form strong
molecular complex with the template. All libraries screened consisted of molecular structures

minimised to an energy of 0.01 kcal-mol™.

Three libraries were compiled to be used in the MIP design process. A range of acidic, basic and
neutral FMs were modelled with additional charged structures where appropriate. These were
acrylamido-2-methyl-1-propanesulfonic acid (AMPSA), acrylic acid (AA), IA, methacrylic acid
(MAA), trifluoromethylacrylic acid (TFAA), allylamine, 1-vinylimidazole (VI), 2- & 4-
vinylpyridine, N,N-diethylamino ethyl methacrylate (DEAEM), acrylamide, 2-hydroxyethyl
methacrylate (HEMA) and styrene. The cross-linking monomers modelled were selected to include
range of compounds: m- & p- DVB, mono-, di-, tri & tetra- ethylene glycol dimethacrylate
(EGDMA), trimethylolpropane trimethylacrylate (TRIM). A combination of commonly used
porogens and solvents with known melamine solubility were modelled; these were
dimethylformamide (DMF), acetonitrile, chloroform, ethanol, methanol, acetone, ethylene glycol,
DMSO and water.

2.4 Molecular dynamics

2.4.1 Method 1

Determination of the stoichiometric ratio of template-FM was done via an established simulated
annealing process, described elsewhere (14, 15) using the SYBYL molecular modelling suite. A
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virtual cubic box containing one template molecule is packed with monomers until saturation
capacity. The box is then reduced to its minimal dimensions to guard against excessive expansion of
the mass as a result of repulsion between the molecules during the simulation. This box is then
heated to 600°K and temperature reduced in four 25 femtosecond steps to 300°K during which time
the molecules will have initially high and then decreasing mobility, allowing them to relax and
orientate themselves into the position of lowest energy and thus forming a complex with the
template molecule. Once the simulation is complete, the stoichiometric ratio is determined by the

number of monomers bonded to the template molecule.

2.4.2 Method 2

The structures of melamine and itaconic acid molecules were downloaded from ZINC database (16)
and then minimized using tools from the Chimera program (17). TThe melamine molecule was
placed in box (3.6x3.6x3.0 nm) with itaconic acid monomers. The resulting system consisted of ca.
2175 atoms. The AMBER99sb force field was applied (18). Parameters for itaconic acid and
melamine molecules were derived using the ACPYPE program using default parameters (19). The
system was energy minimised and then two cycles of geometry optimisation (GO) were applied
using GROMACS 4.5.5 (13). The first GO was carried out at 300 K and 1 atm by performing 1 ns
of gradual annealing, thus the temperature was gradually increased from 0 to 300 K. The second
GO simulation was realised at 300 K and 1 atm by performing 200 ps. The system was geometry
optimised in two cycles comprising 800 steps of steepest descent followed by 3,000 steps of
conjugate gradient. During the GO phases, Berendsen thermostat and barostat (20) were applied to
control the temperature and pressure, respectively. The LINCS algorithm (21) as used to constrain
all bond lengths involving hydrogen atoms and an integration time step of 2 fs was used. Periodic
boundary conditions (PBC) were applied. Long-range electrostatic interactions were treated using
the particle mesh Ewald (PME) method (22). The cut-off radius for the real part of the electrostatic
interactions, as well as for the van der Waals interactions was set to 1 nm. At the end of these GOs,
the number of hydrogen bond interactions between melamine and itaconic acid molecules was

extracted by using Chimera software.

2.5 Preparation of polymers and MIPs

The protocol for the synthesis of the MIP and control polymer was calculated with the aid of the

MIP database's polymer calculator (http://mipdatabase.com/calc/calc.php). Using this calculator,
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speedy and accurate conversion of the determined molar ratios to usable masses and volumes, were

calculated using the built-in compound parameters, accessible from drop down menus.

Following the solubility trials for melamine which determined DMSO as porogenic solvent of
choice with the most favourable solubility, miscibility trials were conducted to compare DMSO
with other (more compatible) solvents. 4 mL of chloroform, MeCN and DMSO were mixed with an
equal volume of DVB and 44 mg of AIBN initiator in glass vials. The solutions were then agitated,

degassed, sealed and polymerised at 60°C for 24 hours.

For the preparation of the MIP, 1 mmol of melamine was combined with 8 mmol of itaconic acid in
4 mL (4.4 g) of DMSO in a 20 mL screw-topped glass vial. The mixture was then sonicated until all
solids were dissolved. 24.8 mmol of DVB was then added and mixed to homogeneity followed by
44 mg, 0.268 mmol of the initiator was added. This was AICN for UV and 80°C polymerisations
and AIBN for the 60°C polymerisation. The mixture was purged with nitrogen for 5 minutes
following thorough mechanical mixing. The vial was then sealed. Control polymers were

synthesised in an identical process with the omission of the melamine template.

Thermally mediated polymerisations were carried out in an oil bath for 24 hours. For UV mediated
polymerisations, the vials were instead placed into a UV reactor using a Honle 100 UV lamp
(intensity 0.157 W/cm?) (Honle UV, UK) until turbidity was observed at which point these vials
were transferred to an 80°C oil bath for 24 hours. Following polymerisation, all vials were
removed and broken. Then the polymer was collected, ground and sieved to extract the 25 to 106
um fraction which was washed with methanol for 24 hours in a Soxhlet (30 minutes approx. per

cycle) and dried at 70°C until a stable weight was observed.

2.6 SEM analysis

SEM analysis was executed using a MERLIN FE-SEM (Zeiss GmbH, Jena, Germany).

2.7 N, Pore size analysis
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Pore size and surface area analyses were carried out using a NOVA 1000 E Series Gas Sorption
Analyser (Quantachrome Instruments, FL, USA) and interpreted using nitrogen BET theory (23) via
the NovaWin software software package.

2.8 Column packing and HPLC calculations

The HPLC columns used were stainless steel (50 mmx 4.6 mm) into which the polymer was packed
using Slurry Packer model 1666 (Alltech, UK). This process entailed mixing the polymer particles
in methanol and packing the column to a pressure of 100 bar. The columns were then tightly closed

and washed with the mobile phase until a steady baseline was observed.

All HPLC experiments were conducted using a Agilent 1100 HPLC and recorded using
Chemstation package (Agilent, CA, USA) and performed in triplicate (n=3). Polymer
characterisation was executed using a mobile phase consisting of 50:50:0.05 water: MeCN: formic

acid.

UV detectors were set to wavelengths of 204 and 240 nm. The dead volume, to, of the column was

determined by the retention time of an injection of the mobile phase containing 10% acetone.
Recovery fraction was calculated as the area under the curve of the peak relative to the area under
the curve created by the analyte when injected without a column present given by equation 1.

Revoveredconcentration 100

Recovery% = - - X
Y7o Injectedconcentration 1

1)

The retention factor 'k’ was calculated using the formula give in equation 2.

()
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Where t; is the retention time of the analyte taken at maximum peak height and t; is the dead

volume of the column. The separation factor 'c' of the polymer was calculated by equation 3.

kmelamine

= X,

(3)

Where the subscript denotes the k value for each respective analyte; all calculations were done

relative to Kmejamine- The imprint factor 'a' of the polymer was determined using equation 4.

_ kmip

- kNIP
(4)

The theoretical plate number, representing the degree of interaction between the analyte and the
polymer, was calculated by equation 5.

t
N = 5.545 (—r> 2
Wh

()

Where t; is the retention time of the analyte and wy, is the peak width at half height; this was

normalised with respect to the length of the column by calculating the height equivalent to a
theoretical plate (H) given by equation 6.

Z| =

(6)
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Where L is the length of the column.

2.9 Milk sample preparation

All milk samples were prepared identically. For powdered samples, they were mixed with water to
a concentration of 1 gram in 10 mL. Samples were then mixed in falcon tubes at a ratio of 1:1 with
the acetonitrile and spiked with melamine to a concentration of 10 uM and agitated for several
minutes. The solids were then separated from the liquid via centrifugation at 5000 RPM for 5
minutes. All samples were also prepared and analysed without adulteration with melamine to

confirm their purity and also to establish a base line.

3. Results and discussion

3.1 Solvation of melamine into the porogen and the use of computational modelling

As the objective of this work was to produce a molecularly imprinted bulk porous polymer resin,
suitable for use as a HPLC column packing media, several criteria had to be satisfied. The first and
foremost of these is to find a combination of template, FM and solvent which may facilitate the
formation of template-FM complexes which could then be physically secured in place via
subsequent polymerisation of a co-monomer. Computer modelling offers an accurate way to
accelerate the selection process by creating a short list of candidates from larger libraries which
may then be tested in the laboratory. In bulk imprinting, the template must be dissolved in the
porogen at a concentration somewhere in the range of 0.25 — 0.4 mol-L™. This concentration
ensures a high number of binding sites while still ensuring a high percentage of cross-linking
polymer to maintain structural rigidity. However, the high template concentrations typically present
in the MIP solution can also significantly affect its thermodynamic stability and cause significant

differences in all families of pore morphology relative to the NIP control (Figure 1).
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FIG 1: Schematic representation of the molecular imprinting and pore formation processes in the

synthesis of a molecularly imprinted porous polymer resin

Ahead of laboratory tests, melamine was screened against virtual libraries of common FMs, cross-
linkers and solvents. This was done primarily due to the exceptionally poor solubility of the
molecule in the conventionally used porogenic solvents. A search of the literature for melamine
non-covalent imprinting protocols showed the most commonly used solvating porogen was either
pure methyl alcohol (24, 25) or a mixture of water and methyl or ethyl alcohol (26, 27). Two further
works reported the successful detection of melamine using cyromazine, a structural analogue of
melamine, as a template and water-alcohol binary porogenic solvent (28, 29). One additional work
also reported the successful use of benzene (30) as the porogen. All these cited works used the
methacrylate monomers MAA and EGDMA and relied on strong solvent interactions in addition to
the enhancement of template solubility provided by the FM. While it is clear that such attempts
have yielded favourable results, the apparent necessity to employ solvents of high polarity and
hydrogen-bonding capacity must be assumed to be a significant source of disruption to the

formation of high affinity template-FM complexes in the solution (31, 32).

An alternative to this approach is the use of ethylene glycol as a porogen in order to dissolve the
melamine (33). While melamine has comparatively high solubility in ethylene glycol, it also has
extremely high hydrogen bonding capacity and viscosity making it a challenging candidate for use
as a porogenic solvent (31). The solution employed by Yusof et al. was to use an imprinting
mechanism based on aromatic and Van der Waals interactions between melamine and 9-
vinylcarbazole. Mechanical mixing was used to facilitate radical mobility within the solution and to

reduce autoacceleration.

3.1.1 Computational modelling and laboratory trials
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Since the existing protocols did not satisfy the requirements of this work, methodical laboratory
pre-polymerisation trials were conducted to find an optimal combination of FM and solvent which
would facilitate the solvation of melamine at a sufficient concentration and ultimately produce an
effective MIP. The ab initio use of virtual screening models in concert with laboratory trials to
confirm these predictions ahead of any polymerisation event allows for the negation of any
intermolecular differences in monomer reactivity which might otherwise affect the apparent results
if the affinity of the FM candidates were compared in their polymerised form. Computationally
determined affinity rankings were used to create a logical order of candidates. A summary of these

results can be seen Figure 2.

50

®m Functional monomer

®m Crosslinker monomer
40 w Porogenic solvent
30
2

DEGDMA
EGMP MAA EGDMA ethylene glycol DMSO

FIG 2: Histogram summarising the binding affinities of functional monomer, cross-linker monomer

Binding Affinity (-kcal/mol)
o

o

o

and solvent molecules for melamine as calculated by the SYBYL molecular modelling

platform

Though the virtual scoring algorithm employed (described in detail elsewhere (34)), is optimised to
predict the probability of hydrogen bond formation and strength, it cannot predict to what degree
the intermolecular affinity and the formed complex will affect or augment the individual solubilities
of each of the two molecules when combined in a solvent. Due to the poor solubility of melamine in
organic solvents, the enhancing effect of the FM was heavily relied on its ability to dissolve it.
Melamine's three amine groups, causing it to have a weakly basic nature, are most disposed to

complex with acidic functional groups with respect to the enhancement of its solubility. Monomers
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HEMA and acrylamide were unable to dissolve melamine in any solvent to the degree where

conventional methods of molecular imprinting would be feasible.

Having failed to dissolve melamine in several conventional porogenic solvents, it was observed that
each of the three acidic FMs, shown in Figure 2, could enhance the solubility of the template in
DMSO to a level of 0.25 mol-L or 1 mmol in 4 mL. This implies e.g. an increase of template
solubility by one order of magnitude for melamine, caused by the addition of the IA (35). DMSO,
though less commonly used than porogens such as DMF, acetonitrile or chloroform due to its
relatively high polarity in addition to its augmented hydrogen bonding capacity and Hansen
solubility parameters (61) (31, 32) may be acceptable where the template-FM complex is
sufficiently durable. This is also reflected in the similar melamine-affinity scores given to both of

these solvents by the molecular model (Figure 2).

3.1.2 Selection of the cross linking monomer

For bulk synthesised MIPs, the addition of the cross-linking monomer can significantly alter the
equilibrium of the solution. This equilibrium shift is especially apparent when the template
molecule is present at saturated levels or if the complex between the FM and template is weak. Such
a change in solution parameters can lead to the precipitation of the template in solution through the
breakage of the stabilising bonds within the dissolved complex. While the use of a cross-linking
monomer with higher template affinity may guard against this precipitation of low solubility
templates, the consequence of this may be a higher incidence of non-specific interactions during

post-polymerisation testing and use of the MIP.

Di-, Tri-, and Tetra- EGDMA exhibit increasing hydrophilic character. These monomers can be
used as cross-linkers when a low solubility template or an unstable template-FM complex is being
imprinted (36, 37). The presence of an increasing number of oxygen atoms might also augment the
probability of non-specific binding since they can each be employed as acceptor atoms in the
formation of a hydrogen bond (38). This can lead to lower specificity and poor imprint factors (IF).
Conversely it is preferred to use cross-linking monomers which exhibit low affinity towards the
template and thus does not compete with the binding mechanism of the template-FM complex. One
combination of such a MIP is the use of MAA and DVB as FM and cross-linker respectively (39)
whereby the weaker van der Waals interactions between a template and cross-linker do not interfere

with stronger hydrogen-bonds formed by the template and FM at the receptor site.
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One of the most commonly used FMs, MAA, was rejected for this work because its predicted
affinity was deemed too similar to that of the porogen DMSO. This has been confirmed by poor
stability of melamine in a corresponding monomer mixture containing MAA. This precipitation did
not occur when the higher affinity cross-linkers, EGDMA or DEGDMA, were added. These
methacrylate monomers were also rejected as the affinity of these cross-linkers to melamine was

interfering with the melamine-FM complex.

Ultimately, the combination of melamine, 1A, DVB and DMSO for template, FM, cross-linker and
porogen respectively, was considered to be optimal. The strength of the melamine-IA complex
could also be immediately observed due to the stability of the solution upon the addition of the low

affinity cross-linker DVB to monomer mixture, where no precipitation was observed.

Though IA and DVB was seen to be an excellent combination for the formation of a highly
selective MIP, the necessity to use DMSO as a porogen in order to dissolve melamine raised
concerns about the dynamic miscibility of the solution during polymerisation. Though the
difference in &7 is an initially negligible issue due to the relatively low molecular weights of the
(mono) DVB and DMSO, it becomes a hindrance to the homogeneous dispersion of DVB
throughout the DMSO during polymerisation as the chain length and augmented molecular weight
finally induces phase separation (40). To confirm the feasibility of the use of DMSO as a porogen in
this scenario, DVB polymer blanks were prepared using DMSO as well as the more commonly used
porogens, chloroform and acetonitrile. SEM micrographs were taken to view the effect of the
porogen on the formation of the second and third family pore structures with respect to increasing
ot (41).

As can be seen in Figure 3, the pore structure of the chloroform-DVB polymer shows high
homogeneity with all microspheres completely merged. The intermediate &7 of the acetonitrile-DVB
combination yielded adequate third family pore formation albeit with the merged microsphere-
aggregates clearly visible in the morphology. Apparent puckering in the surface of the DMSO-DVB
shows the endurance of the early stage microsphere-morphology due to a more abrupt phase
transition. However, an acceptable third family pore structure is visible to a degree comparable to
that of the acetonitrile-DVB polymer and was thus deemed satisfactory for use as a porogen for the

DVB polymer.
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FIG 3: SEM ﬁﬁcrographs sh:owing the efect of differences in 5 and pdlr-orogen
on third family pore formation and homogeneity for (a) chloroform-DVB, (b) acetonitrile-
DVB and (c) DMSO-DVB

3.2 Thermodynamic calculation of stoichiometric ratio and MIP composition

As an improvement on the standard 1:4 ratio generally employed in laboratory syntheses (42),
determination of the ideal stoichiometry of a potential template-FM combination can allow for a
greater deal of insight during the polymer and protocol design process. In order to optimise MIP
composition, the knowledge of the ideal stoichiometric ratio between the template and FM,
melamine and 1A was required. By calculating the maximum number of FM molecules capable of
forming high quality hydrogen bonds with the template, specificity and sensitivity can be
maximised. This was achieved through minimisation of the formation of lower affinity binding sites
(43).

The use of a computationally determined ratio alone, which is calculated under ideal conditions, has
been reported to produce an inferior MIP with a high incidence of non-specific and heterogeneous
binding behaviour caused by the disruption of the majority of the template-FM complexes by the
solvent and cross-linker (44). For this reason, an excess of monomer as a 'factor of safety’ was
added to the calculated ideal ratio. This factor of safety cannot be an unchecked saturation of the
solution with the FM as this can also lead to FM-aggregation or dimerisation, also leading to a net
reduction of receptors within the MIP (15, 42, 45).

Melamine-1A stoichiometric ratios of 6 were calculated by both computational methods attempted
with both complexes showing identical bonds for each (Figure 4). This ratio of 6 with respect to the
use of a carboxylic dipole is also independently confirmed by a third method recently published in

the literature (25). This ideal ratio of 6 was increased to 8 for the practical synthesis of the MIP.
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C
FIG 4: Image of ideal melamine-1A stoichiometric complexes calculated using parameters based on

(@) the SYBYL modelling platform and (b) the open source Gromacs modelling platform

Thus the newly determined parameters for molecular dynamics protocol utilising the Gromacs open
source molecular dynamics package were doubly confirmed. This confirmation of the Gromacs
protocol is of added interest due to its departure from convention of the relaxation of the FM around
the template via simulated annealing, from elevated to ambient temperature which has been the
method of choice for the calculation of template-FM stoichiometric ratio to date. The Gromacs
process, conversely, relies on a series of minimisation cycles followed by a final geometric
optimisation and relaxation step all of which are conducted below physiological temperature limits

and thus allow the calculation to be applied to thermally sensitive or biological molecules.

Having determined the optimal volumes of melamine, IA and DMSO which were dictated by
stoichiometry and solubility limits, the calculation of the exact volume of cross-linker and initiator
was calculated with the aid of the free online polymer calculator from the MIP database (see
Materials and Methods). This allows for the facile calculation of all molecular and volumetric ratios
with the inbuilt unit conversion facility. In this way, the masses or volumes of all of the
polymerisation mixture can be balanced against the required volume of porogenic solvent, typically
constituting to 50% of the total solution (42).

3.3 Selection of initiator and polymerisation temperature

The rate of radical propagation, of chain growth and the thermodynamic '‘goodness’ of the solvent
all affect the point at which chain collapse and precipitation into the solution occurs. This

precipitation point can be significantly delayed or advanced depending on the effect of the template.

246



Annex

When the template has a high level of solubility in the porogen, the thermodynamic stabilisation of
oligomer during chain growth leads to an enhancement in pore and precipitate size (3).
Alternatively, as is the case in this study, the decreased stability that melamine imbues to the
growing oligomer was seen to force the precipitation of the chain at a shorter molecular weight and
thus reduce the pore structure and net surface area of the polymer. Adding to the complexity of this
effect is the enhancement of melamine solubility in DMSO with respect to increased temperature
(46) which increases the stability of solvated melamine-IA complexes though any increase in
temperature will have a similar effect on the rate of radical propagation (47). A general rule of MIP
synthesis with respect to the formation of selective binding sites is that the process should take
place over a long period of time, at a low temperature and with a low concentration of initiator (48).
However, as is the present case, the final application of HPLC column packing media and the low
thermodynamic stability of the melamine-1A complex required an elevated temperature to maintain
sufficient mechanical rigidity and oligomer stability. The mass of the initiator was, however placed

at a constant value of 44mg or 1% of the total monomer mass.

Two radical initiators were selected for polymerisation both of which had differing rates of
decomposition (kg). AIBN at 60°C and AICN at 80°C decomposing at rates of approximately 17x10
®> st and 6.5x10°° s* respectively (47). The latter can also be initiated via UV excitation at room
temperature. The destabilising effect of melamine on the polymerisation process was most evident
during room temperature polymerisation whereby phase separation was occurring 33% faster than
in the case of the control. This clear and immediate demonstration of oligomer destabilisation in
solution by melamine was reflected when the results of the porosity and surface area measurements
were analysed (Table 1). Pore volume was reduced by one order of magnitude due to this effect
with a similar reduction in total surface area. Due to the increased rate of radical propagation
resulting from the AIBN-initiated polymerisation at 60°C, the pore volume was notably reduced
from that of the slower radical production rate of the AICN-initiated polymerisation at 80°C. The
pore volume of the NIP control was 140% that of the MIP. While the difference in surface area
between the MIPs and NIPs of the two thermally initiated polymers was comparable, the very
similar pore volume of the AIBN-initiated MIP and NIP cause it to be ultimately selected for further

tests as it allowed for the most accurate analysis of the imprint factor.

TABLE 1: Summary of porosity and surface area measurements calculated using the N, BET

method
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Polymerisation type Radical Polymer |Pore Pore radius | Surface area
Initiator |ID Volume (A) 2 4
temperature |Energy source (m*-g7)
(cc-g™)
20°C uv AICN MIP 0.0077 9.6 24.61
NIP 0.0265 9.3 75.88
60°C Thermal AIBN MIP 0.1660 8.8 385.30
NIP 0.1710 8.8 400.10
80°C Thermal AICN  MIP 0.6670 8.9 432.38
NIP 0.9483 8.9 445.10

3.4 Mobile phase selection and polymer characterisation

Following its selection as the polymer most comparable to its control, the AIBN-initiated MIP,
polymerised at 60°C, was packed into HPLC columns. The use of the MIP as the stationary phase in
a HPLC flow system has the distinct advantage of reducing the required detection time by
decreasing the number of preparatory steps and negating the need for a separate regeneration
process, as is the case with the more commonly used SPE method of detection. As a goal of this
work was to create such an incorporated sensor, a comprehensive characterisation of the MIP was
carried out under conditions typical to the detection of melamine-contaminated milk (49). To
facilitate the MIP's accurate characterisation, acidification of the mobile phase was necessary due to
the failure of FM-FM dimerisation events during polymerisation. This dimerisation of surplus
functional groups is essential to minimise non-specific interactions between the polymer and target,
the absence of which may lead to the complete negation of any apparent imprinting event via the
higher incidence of exposed functional groups at the surface of the polymer (42). This phenomenon
was made apparent by a high retention time, notably greater than that of the MIP, exhibited by the
NIP toward melamine when a purely aqueous mobile phase was tested. This high retention time was
accompanied by broad peak with extreme tailing caused by the exposure of 1A-carboxylic groups
on the surface of the NIP. Interestingly, in addition to the reduced retention time, the MIP column
also showed a greatly reduced level of tailing which was attributed to the higher level of order and
reduced accessibility of the functional groups as more were engaged in a single receptor site at the

MIP surface. The non-specific interactions exhibited by the NIP were disrupted with the
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acidification of the mobile phase with a weak acid. With the addition of 0.05% formic acid, the

imprinting factor could be viewed and the polymer specificity characterised.

It was immediately notable that the peak tailing was still present in the NIP control even when the
optimised mobile phase was implemented (Figure 5). Tailing was far less of an issue in the case of
the MIP and its narrower peaks were accompanied with increased peak-symmetry. Optimisation of
experimental conditions showed an increase in imprinting factor (o) with respect to reduced
concentration and flow rate with a maximum value of 2.25 (Figure 6). A flow rate of 0.5 mL-min™

was ultimately selected due to practicality of the analysis.
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FIG 5: Chromatogram of the peak corresponding to a 10 pL injection of (a) 100 uM and (b) 10 uM
melamine solution in a 50:50:0.05 water, acetonitrile, formic acid and 0.5 mL-min™ mobile

phase
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FIG 6: 3D histogram detailing imprint factor 'IF' as a function of flow rate and melamine

concentration; injection volume was 10 pL

Cross-response of the polymer under these conditions could then be analysed. It was seen that due
to the low affinity of the cross-linking polymer, DVB, specificity towards melamine could be
rapidly achieved while secondary molecules were flushed trough the column without any
interaction (Table 2). Acetoguanamine, the molecule which exhibited a retention factor (k) most
similar to melamine, is retained notably longer on the non-imprinted polymer than melamine due to
a higher primary affinity towards IA. This order is reversed on the MIP and must be attributed to
the morphology of the imprinted receptors within its structure. Melamine recovery is also superior
in the case of the MIP while for all other secondary molecules tested; the NIP control displayed
improved recovery for all other secondary molecules tested.

TABLE 2: Affinity and capacity factors characterising the (a) MIP and (b) NIP for cross response

at a flow rate of 0.5 mL-min™ and a 10 pL injection volume of 10 uM concentration

(@)
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Retention |k c o % Recovery |N H (mm)

time (min)
melamine 4.20 1.49 N/A 1.39 94.59 43.14 1.16
acetoguanamine |4.07 1.41 1.06 0.91 78.92 29.19 1.71
Cyanuric acid 1.55 -0.08 |N/A N/A 38.45 1.09 45.71
triazine 1.74 0.03 44.38 0.05 91.99 56.48 0.89
urea 1.60 -0.05 |N/A N/A 108.25 69.30 0.72
(b)

Retention |k o % Recovery |N H (mm)

time (min)
melamine 3.29 1.09 N/A 83.3 24.61 2.03
acetoguanamine |4.02 1.55 0.70 79.14 9.78 511
Cyanuric acid 1.53 -0.03 N/A 56.07 0.27 187.77
triazine 2.58 0.64 1.70 100.09 6.34 7.88
urea 1.79 0.14 7.91 114.77 22.31 2.24

3.5 Testing on spiked real milk samples

Having confirmed the efficacy of the imprinting protocol and the resulting polymer, milk samples

were prepared to test the ability of the MIP to detect melamine in its known role as an adulterant in

dairy products. Five samples were selected from local supermarkets in order to encompass a range

of fat contents and product lifespans (Table 3). It was in the screening of these spiked samples that

the limitation of the combined effect of the column length and polymer surface area was made

apparent. The efficiency of separation power of MIP (as well as the Blank) columns did not allow

separation of the melamine peak from all other compounds in all five samples tested (Table 2). For

this reason, the organic fraction of the mobile phase was increased by 50% to improve peak
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separation. This had the desired effect and good recovery could be observed in four of the five
samples tested (Table 4). The powdered samples showed greater levels of absorbance overall,
possibly due to the presence of nondescript fibre within them, stated as being present at levels of
0.1% in sample 5. Improved recovery percentages using this polymer may be achieved with the use
of a longer column which would compensate somewhat for the lower surface area observed in the

MIP resulting from melamine's solubility issues.

TABLE 3: Description and content summary (g/100 mL) of milk samples tested

Sample Description Fats |Carbohydrate Protein

1 Tesco everyday value British skimmed UHT milk |{1.8 [4.8 3.6

2 Pensworth Full fat whole milk 3.6 4.6 3.4

3 Pensworth low fat semi-skimmed milk 16 |47 3.6

4 Tesco everyday value dried milk 0.06 3.0 2.1

5 Tesco Instant dried skimmed milk with added 0.05 [4.6 3.3
vitamins A & D

TABLE 4: Recoveries of melamine from the 5 milk samples detailed in Table 3

Sample |% of total area |% Recovery
1 17.22 94.16
2 17.39 96.11
3 17.28 66.91
4 16.17 90.07
5 14.78 88.87

4. Conclusions

A new MIP HPLC column for the detection of melamine in milk has been described. Using virtual

screening methods, laboratory screening time was greatly reduced. Solvent-polymer compatibility,
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template affinity and polymerisation conditions were confirmed through virtual and practical
methods to produce an optimised imprinted polymer. A novel new protocol was presented for the
determination of template-FM stoichiometric ratio using the open source molecular dynamics
software suite, Gromacs. The minimisation of affinity between cross-linking polymer and
melamine, the target, allowed for a rapid and selective analysis process which, under optimised
conditions took 7 to 8 minutes. The maximum imprinting factor of the polymer column was
calculated to be 2.25 and showed discriminative preference for melamine at concentrations from
100 to 1 puM. This MIP-HPLC based analysis system is a promising tool for the detection of

melamine in food products.
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